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Abstract
For remote sensing applications, there is a need for knowledge concerning the reflectance
properties of natural and man-made materials as a function of measurement geometry and
wavelength. This information is used to determine the so-called bidirectional reflectance
distribution function (BRDF). This study is intended to generate an absolute bidirectional
reflectance factor for BRDF studies. This is accomplished by development of a
goniospectroradiometer which can simulate any source-sensor-target geometry. The spectral
range is from visible to near-infrared (2500 nm) with a spectral resolution of 10 nm. The
study involves both theoretical and experimental work for calibration of BRDF by: (1) the
directional hemispherical reflectance and (2) a NIST calibrated standard reflectance tile. A
PTFE sample is calibrated using both methods, and a comparison test was conducted to
verify the accuracy. This PTFE sample can be used as a reference standard material to
transfer reflectance factor scale to all source-target-sensor geometries in the visible and
infrared regions (400 nm to 2500 nm) of the spectrum.
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I. Introduction
During the last decade or so, remote sensing of land surfaces has been
widely used for collecting information about agriculture, hydrology,
geology, military intelligence, etc, and its importance is likely to increase
in the future as more powerful remote sensing instruments and better
analysis tools become available. In remote sensing, the electromagnetic
energy from the Sun is reflected by the earth and measured by the sensor
system onboard the satellite or aircraft. The reflective properties of
material carry the signature of the materials to be sensed and thus are
essential for the understanding of remote sensing.
The directional reflectance of natural and man made surfaces changes
dramatically as a function of source-sensor geometry. Common
backgrounds like soil and vegetation can vary in their reflectance factor
by 100 to 400% for view angles ranging from nadir to 75 degrees off nadir
(Deering, 19881 13]). These data clearly demonstrate the need for
consideration of directional reflectance properties, even in materials
normally thought of as having relatively well behaved directional
reflectance properties. Measurements by Deeringt13] 1988, Kriebel
1978[22], and others[2i][5] have clearly pointed out the need to characterize
the directional reflectance of scene objects. Directional reflectance data
will be necessary for material (target) identification studies, scene
classification, target-to-background prediction and become increasingly
critical in higher level analysis of remotely sensed data to assess the
condition of material type once a general class is defined (e.g. type of
metal, condition of vegetation). The directional reflectance properties are
also essential for some radiometric calibration techniques like the
multiple view angle method^] where reflectance data are used to back
out the radiant energy onto the scene. In order to build a data base of
directional data as a tool in image analysis and to model phenomena
associated with directional imaging, laboratory instrumentation and
calibration are needed to reduce the field collection requirements and to
provide more accurate data sets than would typically be available from
field data.
This study is intended to generate an absolute reflectance factor for BRDF
studies. This is accomplished by development of a
goniospectro-
radiometer which can simulate any source-sensor-target geometry. The
study involves both theoretical and experimental work for calibration of
BRDF by: (1) the directional hemispherical reflectance and (2) a standard
tile calibrated by the National Institute of Standards and Technology
(NIST). The primary goal of this study is to develop and demonstrate a
device and a method capable of defining a working standard for BRDF
measurement. The secondary goal is to measure BRDF characteristics of
some materials.
1.1 Background Review
The bidirectional reflectance distribution function (BRDF) is the family of
curves or the data set associated with measurement of the directional
reflectance factor for varying illumination angles and sensor angles
throughout the hemisphere above the sample. The spectral BRDF implies
that the BRDF data are available as a function of wavelength.
The early drive for reflectance standards came from industries where
photometric or colorimetric procedures were part of manufacturing or
inspection processesDo]. A reference standard was necessary in order to
provide consistency of measurement among different companies, or even
different countries. The benefit was tighter tolerances on products and
better control of quality. Later, with improved instrument arising from
the use of photoelectric methods displacing visual methods, more accurate
and reproducible standards were needed.
In 1931, major recommendations by CIE1[9] introduced the adoption of
freshly smoked magnesium oxide as the primary standard for reflection
measurements. Conditions of measurement were specified by using three
preferred geometries!9]: 0Q/450, oo/total and 0/diffuse, and the
reflectance factor in any instrument was taken as unity for smoked
magnesium oxide in order to permit instruments to have a calibrated scale
of reflection. Also during that time, McNicholas[23] at the National Bureau
of Standards(NBS) developed the first goniospectrophotometer.
Smoked magnesium oxide served for about 40 years as the primary
standard of reflection. Meanwhile, Clark et al [8] (1953) described what
they called a goniometric spectrophotometer which shared some physical
similarities with McNicholas design. The illumination was monochromatic
1 Commission Internationle de I'Eclairage
and provision was made for rotation of the sample and detector in the
horizontal and vertical. The spectral range was extended from 400 nm to
2600 nm.
Increasingly as instrumental measurements became more precise and
reproducible, it was realized that individual smoking varied and were
impermanent even if carefully handledMo]. |n particular at short
wavelengths, a range of variation of 4% could occur. It was also noticed
that short wavelength reflectance deteriorated significantly during the
first day of use. Because of these difficulties, in 1959 the CIE
Colorimetry Committee proposed the eventual adoption of perfect
reflecting diffuser(PRD) which has three properties: (1) all incident
radiation is reflected back into the hemisphere, (2) the reflected radiant
intensity distribution obey the Lambert's Cosine Law, and (3) the PRD
depolarizes the incident radiation completely. Although a perfect
reflecting diffuser does not exist, it gives a quantitative means of
defining directional reflectance. Afterwards, many white materials like
MgO and BaS04 were measured against the perfect reflecting diffuser for
reference standards or so called transfer standards.
In some applications where the geometries do not comply with the CIE
recommended geometries, laboratory instruments must be used.
Branderberg and Neu[6] (1965) described a instrument to measure absolute
bidirectional reflectance of some engineering materials for refined heat
transfer calculation. The instrument was capable of measuring BRDF over
the visible spectrum. Narrow band filters were used to determine the
BRDF as a function of wavelength. The source unit could be adjusted
continuously over the polar angle from 10 to 870, the azimuth angle of
the source could be varied by turning the sample around its normal. The
detector position could be varied continuously over azimuthal angle and
polar angle. The sample is smaller than the cross section of both the
incident flux and the field of view of the detector. In order to get the
absolute reflectance factor, the directional/hemispherical reflectance
was measured to calibrate the BRDF. The overall accuracy is 6% at the
normal view condition. As the angle of illumination increases, the error is
expected to increase.
Clarke et alMO] (1983) described the NPL goniophotometer which used
standard 0/45 reflectance to calibrate the reflectance at nonstandard
geometries. In particular this instrument used two polarizers to correct
the polarization effect of the sample. The angular distribution of the
luminance factor was determined for all planes of polarization states for
nine types of white materials, and it is surprising to find that strongly
diffusing matt surfaces fail significantly to fully depolarize the incident
light.
All the instruments described above employ a single detector, thus in
order to make spectral measurements, either monochromatic light or
bandpass filters must be used. The Munsell Color Science Laboratory
(MCSL) (Daoust 1987M2], Fairchild and Daoust 1988(15])
goniospectrophotometer used a 256 channel diode array radiometer. This
modification converted the instrument from a scanning spectrophotometer
which requires 5 minutes/trial to an array device which could provide the
average of four replicate spectral measurements in about 30 seconds.
This reduction in measurement time was necessary to facilitate a
complete characterization of a material. Four polarization combinations
were measured at each angular combination, and a NIST tile was used to
calibrate the instrument. Pressed polytetrafluoroethylene (PTFE)
powder2, pressed BaS04 and Russian Opal glass were evaluated as possible
reflection standards for goniospectrophotometry. The data was sufficient
to define the in-plane bidirectional reflectance factors for use as a
transfer standard for nonstandard instrumental geometries.
Before the 1970's, most BRDF measurements were for photometric or
colorimetric purposes. The applications of BRDF in remote sensing are
relatively new. 1978 K. T. Kriebel[22] measured spectral bidirectional
reflection properties of four vegetated surfaces at seven wavelengths
between 430 nm and 2200 nm. The measurements of the reflected
radiation were taken by means of an airborne eight-channel scanning
radiometer. The reflectance values were determined from measured
values of reflected radiance and from the actual irradiance derived from
measured values of the optical depth of the atmosphere. The results show
that reflectance of vegetated surfaces is not isotropic. For all surfaces,
the anisotropy (ratio of the highest to the lowest reflectance value)
increases with increasing zenith angle of the incident flux from about a
factor of 3 to about a factor of 10 or more.
Kimes and Kirchner[2i] (1982) presented a technique for determining the
2 The pressed PTFE is frequently referred to as halon or Spectralon.
In this thesis, halon is used for pressed PTFE and Spectralon is used for
the PTFE sample prepared by Labsphere, Inc.
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error in diurnal irradiance measurements that resulted from the non-
Lambertian behavior of a reference panel under various irradiance
conditions. The relative biconical reflectance factors of a spray painted
barium sulfate panel were measured using a goniophotometer in two
wavelength bands (0.63-0.60 ^m and 0.76-0.90 |im). It was found that at
nadir view condition, the relative reflectance value changes from 1 at the
zenith angle of 15 to 0.7 at the zenith angle of 75. These data, along
with simulated sky radiance data for clear and hazy skies at six solar
zenith angles, were used to calculate the estimated panel irradiances and
true irradiances for a nadir-looking sensor. The inherent errors due to the
Lambertian assumption of the panel in total spectral irradiance at 0.68 |im
for a clear sky were 0.6, 6.0, 13.0 and 27.0% for solar zenith angles of 0,
45, 600, and 750.
Francois Becker et al [3] (1985) described a method of measuring angular
variation of the bidirectional reflectance (BDR) of bare soils in the
thermal infrared band (TIR). The goniometer has an angular resolution of
0.5 degree, and both illumination and observation can reach any direction
in the whole upward hemisphere. Modulated source and synchronous
detection were employed to provide a signal free from thermal emission
of the sample and environment. The absolute calibration of BDR is very
difficult in TIR because there is no good standard diffuse reflector. The
calibration was avoided by normalizing the data for each spectral domain
with respect to the particular values of the BDR of the sand specimen at
0o
viewing condition. Once again the experiment reveals great variability
of the BDR with angular distribution.
Jackson et al [20] described a procedure by which a reference panel can be
calibrated with the Sun as the irradiance source. The directional
hemispherical reflectance factor of pressed PTFE was used to calibrate
the absolute bidirectional reflectance factor. The accuracy of this method
was estimated on the order of 1%. The reflectance factor values of PTFE
and BaS04 panels were measured at nadir view condition with the Sun at
15-750 zenith angles. The data indicate that reflectance factors for
panels constructed by the same person at the same time may differ, and
the reflectance characteristics of a panel will change with use. The
results presented in that report demonstrate the need for careful panel
calibration.
However, the field method requires clear skies and constant atmospheric
conditions during the measurement period, and the illumination and
measurement geometry can not be held to very high accuracies. Due to
these difficulties, a method for laboratory calibration of field reflectance
panels was presented by the same authors (Biggar et al [5], 1988). A
halogen lamp was used instead of the Sun as the source. The calibration
procedure was the same as that of the field method. The PTFE and BaS04
panels were measured at the wavelength between 0.45 and 0.85 |im. These
reflectance factor values were compared to those measured by the field
method, and the results agree to within 0.013 in reflectance at incidence
angles between 15 and 75 degrees.
Deering[i3] (1988) measured the BRDF of several different land cover types
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using the PARABOLA directional field radiometer in the visible and near
infrared wavelength. The radiometer was mounted on a collapsible boom
apparatus. Different viewing angles were simulated by helical spiral scan
motion of the radiometer. A direct beam solar radiometer was used to
obtain direct beam data which is required for computations of direct and
total irradiant flux onto the ground. Radiometric calibration was
performed for both instruments so that absolute BRDF could be
determined. The result reveals that BRDF of land cover types not only have
great angular variation, but also wavelength dependency.
There is another category of BRDF measurements using lasers as light
source. The advantages of the laser line based system are: (1) high output
power, (2) high spectral purity, and (3) small divergence angle of the
illumination beam, thus making this technique very attractive for BRDF
studies. Arnold et al I1] (1989) reported an instrument used for
characterization of calibration standards and material properties. Three
lasers (0.351, 1.06 and 10.6 u.m ) were employed as the source. Several
materials were evaluated as possible secondary standards.
The laser line based system have been extensively used in measuring the
particle size distribution of surfaces^]. The TMA Technologies, Inc is
marketing its
CASI Scatterometeriso]. up to seven lasers can be
employed and multiple detectors can be mounted on the detection
subsystem to speed up the data correction process.
The disadvantages of the laser line based system is that it can only
measure the BRDF at several discrete wavelengths. Interpolation must be
used to define the spectral BRDF, which may result in erroneous
predictions.
Despite all of their activities, the task of quantitatively characterizing
the BRDF is a long way from finished. In the Council for Optical Radiation
Measurements (CORM) fifth report, SRM (spectral reflectance
measurements) for visible and near-infrared BRDF is listed as the
priority 2 task. The need for these kinds of measurements is because
"
The uncertainty of these measurements is excessively high due to the
infancy of this type of metrology and difficulties in calibrating the
photometric and geometric scale on the absolute basis, A need exists for
a standard reference material to transfer the scale of reflectance factor
at specific geometric conditions of incidence and collection in the visible
and infrared regions (380 nm to 3000 nm) of the electromagnetic
spectrum to aid to the calibration of these instruments."!11]
It is no doubt that the work of each author listed has greatly advanced the
technique for BRDF measurements, but there are still some limitations,
e.g. some of the instruments employed filter radiometers thus limited the
spectral resolution and spectral range!4!!19]!11]; some had limitations on
geometry (e.g. in-plane
measurement!1 o] or fixed view angle!1 tit1 9]), and
some did not have absolute calibration!1 9][2]. The present work is intended
to extend the scope of BRDF measurement so that it is possible to
characterize the BRDF of material completely. The instrument developed
for this study features:
1. the capability to measure BRDF at wavelengths
between 0.4 nm and 2.5
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|im with a spectral resolution of 10 nm;
2. the capability to simulate any source-sensor-target geometry;
3. the capability to measure materials with very low reflectance values;
4. the capability of calibrating the reflectance factor in the absolute
scale.
The calibration used in this study is similar to Branderberg and Neu's
approach^], but the measurement geometry is different. In their approach,
the sample is smaller than the cross section of the illumination and the
field of view of the detection system, thus the sample controls the field
of view. While in this instrument, the field of view of the detection
system is smaller than both the sample and the illumination beam. This
modification has two advantages: (1) improved the signal level, when the
view angle is large, the increase in view area compensates for the
Lambert cosine falloff in radiant intensity, and (2) improved calibration
accuracy. In their approach, the sample was smaller than the field of view
of the detection system, thus the background radiation also contributed to
the measured signal, the larger the view angle, the bigger the background
radiation, and the bigger the calibration error.
These four features made this a unique instrument capable of defining the
spectral BRDF completely.
1.2 BRDF Definition
BRDF is defined as the amount of radiant flux reflected into a solid angle
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compared to the radiant flux reflected into that solid angle by a perfect
Lambertian diffuser irradiated in the same manner when illuminated
through a small solid angle.
In this study, the bidirectional reflectance factor (BRDF) is represented by
the symbol B, which is a function of 6j, ft, 9r and <t>r. These angles are shown
in figure 1. All quantities associated with the incident flux have a
subscript i, and all quantities associated with the reflected energy have a
subscript r.
Fig. 1 Beam and sample geometry









where <Drand <D0 are the radiant flux reflected by the sample and a
perfectly reflecting diffuser, Lr and L0 are the corresponding radiance, dcor
is the solid angle of the collecting optics, dA is the sample area.
1.3 Problems Related to BRDF Measurement
The great variability of BRDF with angular distribution and its dependency
on wavelength make it absolutely necessary to characterize BRDF not only
at various source-sensor-target geometries, but also at different
wavelengths. Three problems arising therefrom are described below:
1.3.1 The Amount of Data Generated
Ideally, the properties of a material should be understood in terms of
spectral reflectance properties under all geometric conditions of
illumination and viewing. For example, for each sample, there might be 5
different illumination angles (0 to 75 in 150 increment), 15 viewing
angles (-750 to 750 in 100 increment), 9 azimuthal angles (00 to 900 in 100
increment), 210 wavelengths centers (400 nm to 2500 nm at 10 nm




This huge amount of data creates two difficulties, one is it will take a
long time to collect. A fully computer controlled instrument is essential,
and the instrument must be capable of measuring over several days
without any drift in signal. Another difficulty is that it is hard to present
and to process the huge amount of data collected, so 3-D ploting and
mathematical models are needed.
1.3.2 Lack of Standard
There is actually no NIST BRDF standard presently existing. Most likely
this is because only four geometries are recommended by CIE (fjo/d, d/Oo,
00/450 and 450/00, where d stand for diffuse) which means calibration
standards are only provided to match these four geometries. And the
situation become worse at the infrared wavelength where only 0/d
reflectance data are available.
To circumvent this situation, three approaches have been used. One
assumes some materials like BaSCU and pressed PTFE to be Lambertian,
and the 00/45 reflectance holds for all geometries. At each angle
combination, the instrument is standardized to these materials. This
approach was proved to be incorrect in several studies (Daoust 1987H2],
Young 1980P4]).
The second approach is using the reflectance value at a standard geometry
like 00/450 to calibrate the BRDF at any other geometry by carefully
characterizing the geometric behavior of the instrument when the
illumination and the viewing angles are changed!12]. The technique is more
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accurate and more difficult. It requires a very well designed and
characterized instrument. One limitation of this technique is that it could
not apply to the infrared region where no 00/450 reflectance standard is
available.
The third approach is using the directional/hemispherical reflectance to
calibrate the bidirectional reflectance[2op]. a precise knowledge of the
angular behavior of the reflected flux is needed to perform the integration.
The instrument must be capable of measuring the reflected radiant flux at
all possible viewing angles above the sample. The last two methods are
used in this study.
1.3.3 Low signal level
The incident radiation is diffused by the sample to the whole hemisphere.
In order to keep the measurement accuracy, the solid angle of the
receiving optics is small, thus only a small portion of the radiant flux
reflected reaches the radiometer entrance slit and the signal is again
attenuated by the monochromator in order to measure spectral BRDF.
So the total throughput is very low by the nature of this kind of
measurement. The situation become worse when measuring low
reflectance material like asphalt which has only about 2% reflectance. So
a well designed illumination system and a sensitive detection system are
absolutely required.
1.4 Situation Involving BRDF Measurement
15
In the field of radiometry, the bidirectional reflectance distribution
factor is a fundamental term, many other radiometric terms can be
derived from it. A selection of these are represented here to stress the
importance of BRDF measurement in the world of radiometry.
(1) Directional/hemispherical reflectance
Suppose the incident radiation is well collimated within a small element
of solid angle dcoj from direction (9|, $,), the directional/hemispherical
reflectance pid(0j, <fo) is given by
Pid(Qi> <h)=JJ3(9j, <t>i;er> <M cos9r dcor/7t dimensionless (1-2)
Where B(9j, <J>j;9r, <|>r) is the bidirectional reflectance.
If a point on the surface of an opaque solid is uniformly irradiated from
all external directions (i.e. approximately the case of skylight
irradiation), the hemispherical/directional reflectance pdr(9r, r) is given
by
pdr(9r, <t>r) =11 B(0j, <J>i;6r, <\>r) COS9j dcOj/K (1-3)
where the integration is over the hemisphere. A ccording to the
reciprocity relation B(9j, <t>i;er, <t>r)
= 3(9r, <j>r:ei, M thus giving
pdr(9r, 4>r) =JJ B(9r, <J>r;0i, *i) COS9j dcOj/K
= pdj(9i, <$>\) (1-4)
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Thus the directional/hemispherical reflectance is equal to the
hemispherical/directional reflectance, actually it turns out to be another
reciprocal relation.
(2) Absolute Emissivity or Absorbtivity Measurement
A direct determination of the emissivity or absorbtivity is very difficult.
However, the Kirchhoff Law provides a link between passive measurement
and active measurement. According to Grum I1 6], Kirchhoff's Law is stated
as: At a point on the surface of a thermal radiator at each temperature
and for each wavelength, the spectral (directional) emissivity in any given
direction is equal to the spectral (directional) absorbtance for radiant
energy incident from the same direction. This hold for any polarized
component and hence, for unpolarized radiant energy as well. That is , for
a given material, the following equation holds.
e(k, 9, ([>) = a(k, 9, <J) ) (1-5)
Where e(k, 9, $) is the emissivity at (9, $) direction, and a(X, 9, <|> ) is the
absorbtivity of material to the incident radiant energy
in (9, <j> ) direction.
According to energy conservation law,
For opaque media xx
= 0 thus
ax=l-px=l-JJn B(91>(|)1;92, <t>2) cos92 dco/:t (1-7)
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Where B(91><|)1;92, <t>2) is the absolute bidirectional reflectance of the
material, px is the directional/hemispherical reflectance.
If the absolute directional/hemispherical reflectance or the BRDF of the
material is known, the emissivity of material can also be determined by
the above equation.
(3) Helmholtz Reciprocity Law
Helmholtz reciprocity law is :
"
The loss in flux density which an
infinitely narrow bundle of rays of definite wavelength and state of
polarization undergoes on its path through any medium by reflection,
refraction, absorption, and scattering is exactly equal to the loss in flux
density suffered by a bundle of the same wavelength and polarization
pursuing an exactly opposite
path."
This is an important theorem which many authors have referred to or made
use of in various ways without giving a proof, including Helmholtz
himself[31L Several authors have questioned the validity of the law, but
many authors offer support for the law. The goniospectroradiometer is
the best instrument to test its validity.
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1.5 Radiometry of the Measurement
1.5.1 Measurement Geometry
There are two major approaches in BRDF measurement. One is keeping the
cross section of both the incident flux and field of view of the detector
larger than the sample^]. Another approach is keeping the irradiated area
and sample larger than the area of the field of view of the detector. The
second approach is chosen for this study because it can collect more
radiant flux at larger viewing angles than the first approach, the increase
in viewing area compensates for the Lambert cosine falloff in radiant








Figure 2 Schematic of Measurement Geometry
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1.5.2 Radiant Flux Transfer from Source to the Sample
The radiant intensity from a point source is given by
I =dO/dcoi (W SM ) (1-8)
Where do is the radiant flux into the solid angle dcoj. The irradiance on the
sample is given by
E(9j)=l do)i/dAei=l dcoj cos9i/dA0=E0 cos9j (W cm-2) (1-9)
Where E(9j) is the irradiance onto the sample when irradiated at 9j from
normal, E0 is the irradiance when irradiated at the normal, dAeji is the area
contained in solid angle da>i. This relationship means that increasing the
illumination angle decreases the irradiance onto the sample.
1.5.3 Radiant Flux Transfer from Sample to the Collecting
Optics
Assuming the irradiance onto the sample is uniform and the sample is a
perfect reflecting diffuser (PRD), the reflected radiance is given by
U=E(9i)/7u=E0 cos9i/7r. (Wcm-2Sr-1) (1-10)
According to Lambert's cosine law, the reflected radiant intensity is:
I0(9ii9r)=l0cos9r (1-11)
Where l0 is the radiant intensity in the normal direction. According to the
definition of radiance, the radiant flux in the normal direction is given by
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dO0=L0 cos(O) dcor dAer=l0 dcor (1-12)
l0=L0 cos(O) dAer=L0 dAer (1-13)
Where dAer = dA0/cos9r is the area contained in the solid angle of the
receiving optics when viewed in 9r from the normal, dA0 is the area when
viewed in the normal direction.
l0(9ii9r)=L0 cos9rdAo/cos9r=L0dA0=E0 dA0cos9i/:r (W Sr-1) (1-14)
Thus the radiant intensity is independent of viewing angle, the Lambert
cosine falloff is compensated by the increase in the viewing area. The
radiant flux collected by the receiving optics is expressed as
O0=l dcor=E0 dA0 cos9j dcor/7i (W) (1-15)
Where dcor is the solid angle subtended by the collection optics. For an
imperfect sample
L(9i,<t>i;9r,^r) = B(9i,<|>i;9r,(|)r) L0 (116)
0(9i,<t>i;9r,(|)r)=L(9i,<|)i;9r,<j)r) dcor dA0 =L0 B(9i,<|)i;9r,<j)r)dcor dA0
= E0 cos9j B(9i,<t>i;9r,<t>r)clcordAo/TC (W) (1-17)
Where E0, dA0, and dcor are constants. Thus, the radiant flux collected by
the optics is directly proportional to the BRDF modified only by the cosine
of the angle of incident flux.
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1.6 Polarization
Clarke no] has pointed out that most matt finish materials which are
generally treated as an ideal diffuser fail greatly to depolarize the
incident radiation, thus unacceptable error may be introduced into BRDF
measurement if either the source or the sensor is polarization sensitive.
Many optical elements are capable of influencing the state of polarization
in instruments. For the instrument used for this study, the polarization
sensitivities of the elements are discussed below:
(A). Source: a tungsten filament lamp is usually slightly polarized depend
on the configuration of the filament. For the frosted halogen lamp used in
this instrument, no significant polarization effect have been observed.
(B). Lamp with parabolic reflector: no polarization effect is observed at
the central region of the illumination pattern which is what we are
interested in, but beyond the central region there did exist some
polarization effect due to the parabolic reflector.
(C). Mirrors: polarization from surface reflection.
(D). Double grating monochromator: Major source of polarization. The
polarization sensitivity is wavelength dependent.
(E). Detectors: When radiation falls onto the detector at normal incidence,
no polarization is observed for silicon detector or PbS detectors.
In order to correct the polarization effect in reflectance measurement,
two polarizers should be used to measured the polarized reflectance. The
reflectance for various conditions of polarization are denoted by Band
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two subscripts. The first subscript indicates the state of the polarization
of the incident radiation (p=polarized parallel to the plane of incidence,
s=polarized perpendicular to the plane of incidence, u=unpolarized). The
second subscript indicates the polarization sensitivity of the detection
system (p=sensitive only to the radiation parallel to the plane of
measurement, s=sensitive only to radiation perpendicular to the plane of
measurement, u=equally sensitive to all polarizations).
Buu is the reflectance factor for unpolarized or random polarized incident
radiation and unpolarized detection, which is always referred as the
correct reflectance factor. It can be easily proven that
Buu=(l3ss+Bsp+3ps+BpP)/4 (1-18)
For the instrument used for this study, the source is unpolarized, thus only
the polarization effect of the sensor need be corrected. A polarizer is used
in the detection beam which is set either parallel or perpendicular to the
measurement plane of the radiometer. The equation above should be
modified as
Buu=(Bus+Bup)/2 O-I9)




The BRDF instrument used for this study is composed of four units: a broad
band, high output, very stable source, a goniometer which can simulate any
source-sensor-target geometry, a spectrometer to measure the spectral
reflectance factor, and a computer system to control the instrument
operation, data collection and data processing.
2.1.1 The Source Unit
The source consists of a 500 W frosted tungsten halogen lamp operated at
120 V. In order to have extremely long operating life, the operating
voltage is about 90% of the rated voltage, further reduction of the voltage
may cause the halogen cycle to cease to operate and consequently
decrease the life. The frosted lamp envelop was chosen, because (1) it
could improve the uniformity of illumination when the parabolic reflector
was used, (2) it helps to depolarize the output radiation.
The lamp is powered by a precision power supply with less than 0.008%
rms voltage variation observed over a 48 hour period. The system
monitors source current and voltage at the lamp and the data is
automatically logged by the computer to verify stability.
A parabolic reflector is used to focus the lamp onto the sample which can
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increase the irradiance at the sample by a factor of 60 as compared to the
bare lamp. This is essential when measuring the low reflectance
materials, but in the procedure to calibrate the standard, where uniform
irradiation is more important, the parabolic reflector is removed from the
source resulting in a very good approximation of point source illumination.
While this modification effectively generates a uniform irradiance field,
it also reduces the overall signal reaching the sensor. However, this is
not a problem since the standard has a very high reflectance value.
2.1.2 Goniometer
A goniometer is used to simulate any source-sensor-target geometry. The
degrees of motion required to generate a BRDF data set are configured as
follows (cf. Figure 3 and figure 4 ):
1. the sensor is fixed because of the large size,
2. the source rotates 5 to 1350 relative to the sensor, where the 50
limitation is due to the physical size of the source, the 1350 limitation is
imposed by the rotation stage,
3. the sample rotates -900 to 900 about its primary axis, the source and
sample rotate horizontally together which is equivalent to the sensor
rotation,
4. the sample tilts Oo to 750 about its secondary axis as shown in Fig. 3.
Motion is achieved by computer control of precision stepper motors. The
angular step can be controlled to
0.00250 per step. Typical collections are







figure 3 BRDF Instrument Schematic
The sample stage is an
8"
platen which is adjusted in and out, depending
on the sample thickness, to ensure that the face of the sample is located
on the primary axis of the rotation. It is important
to note that the area
of the sample viewed by the sensor increases for off axis acquisition to
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Figure 4 Photo of BRDF Instrument
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2.1.3 The detection system
The sensor system is illustrated in Figure 5. The lens images the sample
onto the entrance aperture of the Optronics Spectrometer, and thus
collects the reflected radiant flux. The signal is then sampled by a Si or











focal length lens is made of calcium fluoride which
has a broad transmission range of 0.13 u.m to 8.0 u,m. The f# of 4 is
chosen to match the f# of the Spectrometer. The polarizer is a calcite
Glan-Thompson polarizing prism (wavelength range from 350 nm to 2.3
|im, extinction ratio < 1x10-5, clear aperture 10x10 mm).
The Model 7351 R-D Double Grating Monochromator and the Model 736
Lock-
In amplifier combined, form the Model 746-D Infrared Spectrometer
system. The basic features include:
(1). A monochromator with built-in chopper and mechanical wavelength
readout of 0 to 2500 nm.
(2). A Lock-In Amplifier with auto ranging preamp.
(3). Two diffraction gratings blazed at 0.6 firm and 1.6 u.m. These gratings,
combined with two detectors (Si and PbS), cover the wavelength range
from 400 nm to 2500 nm, and
(4). A set of 5 blocking filters from 400 nm to 2500 nm are employed to
sort the order of the diffraction gratings.
The Spectrometer signal output is modified to pass through a 12 bit A to D
converter for data logging. The entrance aperture of the spectrometer
defines: (1) the spectral bandwidth, and (2) the area of the target sampled
and the solid angle accepted. For the measurement reported here, the
aperture diameter is 3 mm, corresponding to a spectral bandwidth of 10
nm, an acceptance angle of
0.90 from the primary beam and a sample area
of 4.5 cm2 when viewed from the sample normal.
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2.1.4 The computer system
The source, sensor and goniometer are connected to and controlled by an


































Figure 6. Computer control diagram
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All the programs for instrument operation and data processing are written
in Turbo Pascal (cf Appendix I).
2.1.5 Alignment
Since the BRDF measurement is a function of source-sensor-target
geometry, it is important to determine the illumination angle and view
angle accurately. The alignment procedures used here are as follow:
1. adjust the height of the source, sample stage and spectrometer so that
they are in the same horizontal plane,
2. level the spectrometer using a bench level,
3. back illuminate the exit slit of the spectrometer with a NeHe laser or
microscope light, according to the reciprocal law, the lens in figure 5 will
image the entrance aperture onto the sample with monochromatic light,
4. adjust the folding mirror so that the image is at the center of the
sample,
5. place a mirror at the center of the sample, adjust the sample tilt and
rotate the sample about its primary axis so that the reflected beam is
coincident with the incident beam, and set the view angle equal to 00.
6. rotate the sample around the primary axis by 45 degrees, then rotate
the source arm, so that the reflected light spot is coincident with the
lamp, and set the illumination angle equal to 900,
7. record the scale readings.
Theoretically, the alignment only needs to be done once, but to ensure high
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accuracy, it is important to align the instrument every time before use.
2.1.5 Characterization
(1) Stability
A complete data collection typically requires approximately 15 hours for
each detector (i.e. 675 geometrical, source-sensor-target, combinations
and 135 wavelength centers at each angle for both sample and reference.
Since the source and sensor must remain stable for this period of time,
considerable effort was placed on ensuring system stability. Figure 7
shows a typical stability check of the power supply output voltage. The
RMS voltage was 0.008%, and the RMS current was 0.07%. Figure 8 shows
a stability check where the sensor output is shown to vary less than 0.16%
(rms) over 48 hour period with the system configured in a typical data










Figure 8 System Stability Check
(2) Polarization Sensitivity
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The setup used to check the polarization sensitivity of the source is





Figure 9. Schematic for source polarization sensitivity measurement
Readings were taken at Oo (s-polarization),
90o (p-polarization) and
without polarizer (u-unpolarized). The results are shown in table 1.
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Rs Rp Ru
1 2.27 2.24 4.76
2 2.27 2.23 4.8
3 2.26 2.21 4.75
4 2.26 2.20 4.76
Average 2.265 2.22 4.76
Table 1 Source Polarization Sensitivity Measurement
The polarization sensitivity is defined as
Ps=(Rs-Rp)/(Rs+Rp)=(2.265-2.22)/(2.265+2.22)=1%
The one percent polarization sensitivity introduces a negligible error on
the measured reflectance value (cf. section 2.2.4). The polarization
sensitivity of the detection system is described by a term called
polarization bias (B). It is defined as the ratio of the perpendicular to
parallel responsivity of the sensor. It is easily obtained by simply
ratioing the signal associated
with the perpendicular and parallel
orientations of the polarizer in the sensor when the sensor is subjected to
unpolarized incident flux. Figure 10 shows a schematic setup for
obtaining these spectrally
dependent values. Table 2 contains B values as
a function of wavelength for the BRDF sensor (which is the Optronics












X Ds Dp Pd B X Ds Dp Pel 1?
400 0.4077 0.3016 0.1496 1.3518 1460 0.3236 0.6075 -0.3050 0.5326
420 0.4201 0.3619 0.0744 1.1608 1480 0.3509 0.5808 -0.2468 0.604 1
440 0.4565 0.3910 0.0772 1.1673 1500 0.3368 0.5958 -0.2777 0.5653
460 0.4587 0.4355 0.0259 1.0531 1520 0.3139 0.6189 -0.3270 0.5072
480 0.4353 0.4864 -0.0554 0.8950 1540 0.2914 0.6420 -0.3756 0.4539
500 0.4134 0.5103 -0.1049 0.8102 1560 0.2701 0.6633 -0.4213 0.4072
520 0.4077 0.5176 -0.1188 0.7876 1580 0.2509 0.6827 -0.4626 0.3675
540 0.3995 0.5204 -0.1314 0.7677 1600 0.2340 0.6988 -0.4983 0.3349
560 0.3900 0.5331 -0.1550 0.7316 1620 0.2192 0.7133 -0.5299 0.3073
580 0.3836 0.5425 -0.1716 0.707 1 1640 0.2060 0.7275
j
-0.5586 0.2832
600 0.3751 0.5543 -0.1929 0.6767 1660 0.1935 0.7368 -0.5839 0.2627
620 0.3642 0.5602 -0.2121 0.6501 1680 0.1815 0.7397 -0.6059 0.2454
640 0.3574 0.5685 -0.2281 0.6286 1700 0.1706 0.7442 -0.6270 0.2292
660 0.3294 0.5986 -0.2900 0.5503 1720 0.1615 0.7517 -0.6464 0.2148
680 0.3280 0.5997 -0.2928 0.5470 1740 0.1533 0.7616 -0.6649 0.2013
700 0.3318 0.5973 -0.2858 0.5555 1760 0.1460 0.7726 -0.6822 0.1889
720 0.3360 0.5938 -0.2772 0.5659 1780 0.1388 0.7837 -0.6992 0.1771
740 0.3436 0.5848 -0.2599 0.5875 1800 0.1323 0.7919 -0.7138 0.1670
760 0.2773 0.6575 -0.4068 0.4217 1820 0.1252 0.7980 -0.7288 0. 1 569
780 0.2481 0.6873 -0.4695 0.3610 1840 0.1189 0.8049 -0.7425 0.1478
800 0.2494 0.6859 -0.4667 0.3636 1860 0.1127 0.8108 -0.7 559 0.1390
820 0.2543 0.6801 -0.4557 0.3739 1880 0.1068 0.8181 -0.7690 0.1306
840 0.2567 0.6779 -0.4506 0.3788 1900 0.1012 0.8224 -0.7809 0.1230
860 0.2563 0.6785 -0.4516 0.3778 1920 0.0958 0.8286 -0.7928 0.1156
880 0.2605 0.6738 -0.4423 0.3866 1940 0.0899 0.8288 -0.8042 0.1085
900 0.2451 0.6897 -0.4757 0.3553 1960 0.0850 0.8383 -0.8 15S 0.1014
920 0.1350 0.8020 -0.7118 0.1683 1980 0.0821 0.8593 -0.8255 0.0956
940 0.1192 0.8175 -0.7455 0.1458 2000 0.0774 0.8648 -0.8358 0.0894
960 0.1274 0.8091 -0.7279 0.1575 2020 0.0729 0.8705 -0.8454 0.0838
980 0.1353 0.8017 -0.7112 0.1687 2040 0.0685 0.8728 -0.8544 0.0785
1000 0.1411 0.7950 -0.6986 0.1774 2060 0.0644 0.8767 | -0.S631 0.0735
1020 0.1442 0.7917 -0.6919 0.1821 2080 0.0602 0.8791 | -0.8718 0.0685
1040 0.1459 0.7897 -0.6881 0.1847 2100 0.0561 0.8753 | -0.8796 0.06J 1
1060 0.1463 0.7896 -0.6873 0.1853 2120 0.0522 0.8786 -0.8S79 0.0594
1080 0.1477 0.7886 -0.6845 0.1873 2140 0.0484 0.8734 -0.8950 0.0554
1100 0.1492 0.8053 -0.6873 0.1853 2160 0.0448 0.8687 -0.9020 0.0515
1120 0.1458 0.7933 -0.6895 0.1838 2180 0.0414 0.8643 -0.9086 0.0479
1140 0.1423 0.7957 -0.6966 0.1788 2200 0.0381 0.8617 -0.9154 0.0442
1160 0.1385 0.8020 -0.7055 0.1727 2220 0.0338 0.8349 | -0.9222 0.0405
1180 0.6830 0.2417 0.4772 2.8259 2240 0.0301 0.8033 | -0.9278 0.0375
1200 0.6398 0.2854 0.3831 2.2419 2260 0.0265
0.7577 -0.9325 0.0349
1220 0.5971 0.3296 0.2887 1.8118 2280
-
0.0253 0.7403 -0.9339 0.0342
1240 0.5563 0.3726 0.1977 1.4930 2300 0.0223 0.7318 -0.9409 0.0304
1260 0.5180 0.4119 0.1142 1.2578 2320 0.0212 0.7442 -0.9446 0.0285
1280 0.4847 0.4477 0.0397 1.0826 2340 0.0198 0.7518
-0.9487 0.0263
1300 0.4504 0.4723 -0.0237 0.9536 2360 0.0181
0.7384 -0.9523 0.0245
1320 0.4221 0.5025 -0.0869 0.8401 2380 0.0160 0.7441
-0.9578 0.0216
1340 0.3944 0.5301 -0.1468 0.7439 2400 0.0151 0.7426 -0.9601
0.0204
1360 0.3698 0.5521 -0.1978 0.6698 2420 0.0135 0.7350 -0.9639 0.0184
1380 0.3598 0.5898 -0.2422 0.6101 2440 0.0123 0.7275 -0.9667 0.0169
1400 0.3400 0.5905 -0.2692 0.5758 2460 0.0109 0.7257 -0.97-04 0.0150
1420 0.3242 0.6077 -0.3042 0.5335 2480 0.0110 0.7528 -0.9713 0.0146






Figure 10. Schematic setup for B measurement
(3) Illumination Beam Uniformity
To check the uniformity, the following procedures were used:
1. the different optical components were adjusted until the illumination
patch looks visually uniform,
2. a silicon detector with a pinhole in front was mounted on a translation
stage parallel to the sample plane, and
3. the detector was scanned across the sample and readings were taken
every 0.5 cm.
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Relative Irradiance Distribution Across the Sample
Distance from sample center (cm)
Figure 11. Illumination Beam Uniformity (E-|- Irradiance with
the parabolic reflector,
E2- Irradiance without the reflector,
d- field of view on the sample at normal view angle)
Figure 1 1 shows the relative irradiance distribution across the sample
plane with and without the parabolic reflector. The RMS variation is less
than 0.1% over the sample plane
(3"
diameter) if the parabolic reflector is
removed.
(4). Goniometer Angular Positioning Error
All the rotation axes are controlled by precision stepper motors which
have a resolution of 0.0025o/per step. The main error of angular
positioning is due to the alignment.
Experimental results show that this
error is approximately
0.20 for each axis.
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2.2 BRDF Calibration Using Integration Method
The calibration method described here is similar to the treatment of W. M.
Brandenberg[6](l966), however, the derivation is particular to the
instrument and the definitions of some terms are different.
2.2.1 Directional Properties of Reflection
Consider a flat sample at the origin of a rectangular coordinate system
(x,y,z), the surface of the sample lies in the X-Y plane as shown in Fig. 1 . A
pencil of radiation within solid angle dco is incident on the sample from
direction (9-,,<|)j). The reflected pencil contained in dcor is in direction
(6r,<|>r).
The flux reflected into direction (9r,<t>r) is given by
dO(9i,<t)i; 6r,<|>r)=L(6i,<t>i; 9r,<l)r)clcorcoserdA (2-1 )
Where L( 8j,<|>j; 9 r,4> r ) is the radiance in the ( er,<t>r) direction when
illuminated from the (8j,<|>j) angle, dcor is the solid angle of the receiving
optics, and dA is the area of the sample
viewed. For a perfect Lambertian
diffuser
L( 6j,<|>j; 9r,<t>r )=constant=Lo (2-2)
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The radiant flux reflect into solid angle dcor by a lambertian surface is
given by
dOQ=Lo dcorcos9rdA (2-3)
According to its definition, the bidirectional reflectance factor (BRDF) is
given by
P( 9i,<t>i; er><t>r)= dO(9i,<|>i; 9r,<{)r)/dOo= L( 0;,<>i; 8r,<|>r VU (2-4)
In the case of directional irradiation of the sample and hemispherical
detection of the reflected flux, another reflectance can be defined which
is the ratio of reflected flux integrated over the hemisphere above the
sample Od(6j,<l>j) to the incident radiant flux O0 :
Pd(9i,(t>i)= Od(9i,<t>i)/O0 (2-5)
Which is called directional/hemispherical reflectance. A number of
devices have been developed to measure this reflectance, and also pd is
provided by NIST and manufacturers of standard with a relatively high
accuracy. For a perfect diffuser, all radiant energy is reflected into the
hemisphere, the incident flux equals to the total reflected flux, and the
radiant intensity obey the Lambert's cosine law. The total reflected
radiant flux is given by
O0=f L0 cos9r dcordA = L0 Jcos9rdcordA
= 7tl_0dA (2-6)
For a real material, the radiant flux reflected into the hemisphere is
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Pd(9i,({>i) tc L0dA. Integrating Eq. (2-1) over the hemisphere above the sample
gives
<I)d(9i,<|)i)=jL( ej.fo; 9r,(t)r )cos9r dcordA= pci(i,<J>i) tc L0dA (2-7)
Substitute Eq.(4) into Eq.(7) gives
Pd(9i,<)>i)=Jf3( i,4>s ; 9r,(|)r)cos9r dcor In (2-8)
It is obvious from Eq. (2-8) that for a completely diffuse reflector,
B(9i,<{)i; 9r,<{)r) = constant, thus the directional hemispherical reflectance is
equal to its bidirectional reflectance.
If there were a perfect diffuser, it would be easy to use Eq.(2-4) to
calculate the BRDF, but a perfect diffuser does not exist. With the present
apparatus, only relative bidirectional reflectance could be determined. In
order to obtain the absolute value, the directional/hemispherical
reflectance is used to normalize the bidirectional reflectance.
Dividing Eq. (2-7) by Eq.(2-1) yields
jtp l dA
L(9i,(J)i;8r,({)r)cos9r dcor dA
L(9i,(|)i;8r,<|)r)cos9r dcor dA (2-9)
From Eq.(2-3) and Eq.(2-4)
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dO(9i,(t>i;9r,(t>r)= UP( Gj.fo; 9r,(t)r)cos9rdcor dA (2-10)
Substituting Eq.(2-10) into Eq.(2-9) gives
7tpd(9i,cpi)Lo f L(9i,(|)i;9r,<t>r)cos9r dcor dA
Lo6(9i,(pi;9r,cpr)cos9rdcor L(9i,<|>i;9r,<j)r)cos9r dcor dA
and rearranging





J L9i,cpi;9r,(pr cos9rdcor (2-11)
In equation (2-11), p(8j, (pi) is known for PTFE sample, L(9|, cpi ;0 j, (pi) is the
sample radiance which can be measured by the spectrometer. For the
measurement apparatus used here, both the illumination beam and the
sample are larger than the field of view, and the illumination beam has
uniform distribution over the sample. The radiometer output V (G , , <f> -, ; 9r,<t>r)
is proportional to the radiant flux collected by the lens by a factor of R.
V(0i,<t>i; Gr,<t>r) = R<I>(Gi,<t>i; 0r,<>r)= R L(9i,<t>i; 9r,(J)r) cos9r Aerdco (2-12)
Where Aer is the area contained in the field of view when viewed in 9r, R
is the responsivity of the sensor (V/W), dco is the solid angle of receiving
optics.
Aer=A0/cos9r (2-13)
A0 is the area contained in the field of view at normal view condition.
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Combining Eq.(2-12) and Eq.(2-13) yields
L (9i,^i; 8r,(t)r)=V(8i,(pi; 9r,(|)r)/RA0dcor (2-14)





k p (9i,cpi) V(9i,(pi;9r,(pr)
P(9i,cpi:9r,cpr)=Jv(e.)(f)i;er((pr)coserdco ^^
Equation 2-15 is used to calculate the bidirectional reflectance given that
the directional/hemispherical reflectance is known.
2.2.2 BRDF Calibration
In this process, the Spectralon sample is used. The manufacturer has
provided the directional/hemispherical reflectance at 8 degrees incident
angle. In order to use Equation (2-15) to calculate BRDF, the signal V(9j,<t>i;
9r,(J)r) over the hemisphere above the sample must be determined with the
illumination angle fixed at 8. With the current apparatus, the detection
system could not rotate. In order to change the view angle, both the
sample and the source must rotate simultaneously.
To keep the illumination angle fixed, both the sample tilt Q and 9-| which
is the angle between the illumination and the projection of the sample

















Figure 12 Transformation of Angular Coordinates, where 91; 92
and Q are instrument coordinates (the readings from three
rotation stages), y1, y2> <Pi ar,d 92 are in trie rectangular
coordinates in the sample space.








For the calibration procedure used here, the illumination angle y1 is fixed
at 80. q>j is varied from
-90 to 900 with 10 increment. Because of the
symmetry in geometry, only the angles between oo and 900 are used. At
each cp: , the view angle is changed from -750 to 750 degrees with
50
degrees increment, thus a line of data is measured. A change in <j> means a
change in the orientation of the data points relative to illumination angle.
The data points are irregularly spaced, and because of the instrument
limitation, some view angles are unaccessible resulting in holes in the
data space. A software routine is used to transform the irregularly
spaced data into 25 X 25 regularly spaced data points with rectangular
coordinates for numerical integration.
Equation (2-15) has to be integrated numerically. The solid angle used for
computational purpose is designated by
Aco = sin(92) A92 A<(>
Where A9 and A<j> are fixed angular intervals. According to Eq.(5), the % in
Equation (15) is from
cos9 dco = it
n
Since only the view angle from
-750 to 750 is measured, not the whole
hemisphere, n should be replaced by E cos 9 sin9 AQ2^ in Eq.(2-15). Also
the illumination angle is fixed at 80, so the notations with subscript i can
be dropped out. Equation (2-15) can be written as
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pV(9, cp) Y cos(9) Aco
P(e. q>) =^
^
2^ V(9, (p) cos(9) Aco (2-18)
where 9 and cp are the angles of the reflected beam.
For a Lambertian surface, the signal recorded by the radiometer does not
change with view angle because the cosine fall off is cancelled by the
increase in sample area within the field of view. The V(9, cp) in Eq. (2-18)
is constant and thus can be taken out of the summation, and again the
bidirectional reflectance is equal to its directional/hemispherical
reflectance which is the same conclusion as from Eq.(2-8). This result
reinforces the validity of Eq.(2-18).
Since the sensor is polarization sensitive, this calibration procedure
should be done with both S and P polarization. Fig. 13 and Fig. 14 are
typical BRDF at 8 degrees of illumination for S (perpendicular) and P
(parallel) polarization. The measured data is interpolated to convenient
increments in the plotting space and all the possible view angles are
























































































2.2.3 Measurement of BRDF at Illumination Angles Other Than
8 Degrees
Since the directional-hemispherical reflectance at other illumination
angles is not provided, a method to derive the reflectance at all other
angles must be defined. This is accomplished by using the reflectance
factor at a particular angle (eg. 80/450) to calibrate the BRDF at other
illumination angles.
Apply Eq. (2-4 ) to 80/450 (80 illumination and 450 viewing) gives
B(8,0;45,0)=L(8,0;45,0)/Lo(8,0) (2-19)
Where Lo(8,0) is the radiance of a perfect diffuser illuminated at 80.
Since the radiance of perfect diffuser is independent of <p, it can be
dropped in the expression, so f3(8,0;45,0) is written as 8(8/45) for
simplicity. Apply Eq.(2-4) to another angle yields
B(9i,<!>i; 9r,<K)=L(9i,<|>i; 9r,<pr)/L0(9i) (2-20)
Where L0(9j) is the radiance from the perfect reflecting diffuser
L0(9) = E(9i,<t>i)/7u=E0 cos9i/7i (2-21)
Where E(9j,<pj) is the irradiance onto the surface when illuminated at (Q\,\).
Eo is the irradiance onto the surface when illuminated at normal.
















Since the right hand side contains only measured or known values, the
reflectance factor for the Spectralon can be determined at all angle
combinations of interests. In order to correct the polarization effect of
the sensor, Equation (2-23) must be applied for both S and P polarizations.
2.2.4 Error Analysis
Among the sources contributing to the overall error in the BRDF
calibration, the most important factors are: (a), the numerical integration
does not cover the whole hemisphere, (b) the radiometer's response and
source power supply variation, (c) polarization of incident radiation, (d)
finite solid angle of the source and detection system, (e) uncertainty in
angle measurement, (f) source illumination nonuniformity over the
sample, (g) energy scattered from the surround and (h) uncertainty in
directional-hemispherical reflectance.
Since we are unable to measure the radiant energy at very large view
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angles (eg. beyond 750), error may be introduced in the integration stage.
This error should not be too large because the cosine falloff at large
angles means the radiant flux beyond 750 contribute only a small fraction
of the total radiant energy. An error estimation was performed using
three procedures:
1. Calibrate BRDF without any correction.
2. Calibrate BRDF with the assumption that the radiance beyond 750
is the same as it is at 75.
3. Since Spectralon has a diffuse surface, no rapid change of
bidirectional reflectance is possible, so we can extrapolate the
radiance beyond 750 and then do the integration.
It turns out that the data beyond 75 degrees is not sensitive to the overall
calibration as expected. The result using procedure 1 differ from
procedure 3 by 1%, and procedure 2 differ from procedure 3 only by 0.2%,
so it is reasonable to assume the radiance beyond 75 degrees is equal to
the radiance at 75 degrees. Procedure 2 were used for BRDF calibration.
The radiometer's reading error is wavelength dependent. At short
wavelengths, the silicon detector has high signal to noise ratio, so the
error is mostly the digitizing error of the A/D converter. This error
varies from 0.02% of full scale to 0.2% at low signal level. A
repeatability test was performed to test the stability of the whole
system by repeating the calibration procedure several times at 1000 nm
among several days. The
bidirectional reflectance factor at 80/380 (8
degrees illumination and 38 degrees view) has the following values:
50
BRDF
S 1.032 1.033 1-033 1.031
P 1.016 1.013 1.014 1.014 1.012
The standard deviation is only 0.15% which indicate that both the source
and the detection unit have a high precision.
In principle the bidirectional reflectance factor could be measured at four
combinations of polarization of the source and the detector: SS,SP,PS,PP
where S and P stand for perpendicular and parallel components of the
polarization relative to the flux onto the sensor. For the measurement
described here, only two polarizations are measured to correct the
polarization effect of the detection system. Nothing has been done to
correct the polarization effect of the source. The intensity of the source
in two polarizations differs by only 2%. It can be shown that this
difference introduces a negligible error in the measured reflectance. For
instance, if the bidirectional reflectance for each polarization differ by
10%, the difference between the mean of the two polarizing components
and the directly determined BRDF is less than 0.1%.
For most diffuse surfaces, the bidirectional reflectance change is
negligible within source and detector solid angles. At small incident
angles, the error due to uncertainty in reflected and incident angle is also
negligible except for highly specular surfaces. But at large incident
angles, the error due to uncertainty of the incident angle increases rapidly




Where d9j is about 0.2 degree or 0.0035 rad., this error reaches infinity
when the illumination angle reaches 90 degrees.
For calibration purposes, a bare lamp is used, and the distance between
the source and the sample is 1.2 M which is considerably greater than the
dimension of the bulb, so a point source illumination is achieved. The
nonuniformity of the illumination beam is less than 0.5% across the
sample plane( >8") and is within 0.1% within the sensor field of view
(3")as shown in fig. 11. This error has negligible impact on the BRDF
measurement.
The effect of the scattered light is minimized by placing the instrument
in a room with black walls and ensuring that the source is properly
baffled. Finally the BRDF error due to calculating, the directional-
hemispherical reflectance, and the uncertainty of the radiometer reading,
as derived from Equation (15) is given by




Where: Sp = p is the relative standard deviation of the directional
hemispherical reflectance. For the Spectralon used in the measurement
Ap/p is 0.5%. SV=AV/V is the relative standard deviation due to the
radiometer reading which is about 0.2%. Sc is the relative error due to
calculation which is estimated to be 0.2%. The overall accuracy for BRDF
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calibration at 8 degrees of illumination is 0.6%.





Sv=0.2% is the error due to radiometer reading,
Sej= tan9jd9j is the error due to the uncertainty of the illumination
angle,
Sbo=0.6% is the uncertainty of the reflectance factor at (80/450)
geometry.
It can easily be seen that this error depend on the incident angle, Figure
















Figure 15 BRDF Error as a Function of Incidence Angle
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2.3 Calibration of the BRDF Instrument Using NIST Standard
2.3.1 Derivation
The treatment presented here draws heavily on the work of Clarke et al.,
1983 and Daoust, 1987, however, the derivation is particular to the
characteristics of the instrument described above and is considerably
more explicit for the sake of clarity.
For a perfect reflecting diffuser, according to Eq. 1-10, the radiance is
given by
L1=E0 cos(9.)/tc (2-26)
Where the subscript 1 denotes the perfect reflecting diffuser. The radiant
intensity [w/sr] into a direction 9 , <p from an area of size A can be
expressed as
l1(e.,<|>i>er><|>r) = L^cos^) = EoCOSCSj) AoAc
since Ag^ Ao/cos(9r) (2-27)






where co is the solid angle subtended by the collection optics and the
r
incident and reflected angle dependency on O and I have been dropped
for convenience.
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Finally, the signal recorded by the spectroradiometer, when subjected to
flux polarized perpendicular to the primary plane, can be expressed as
R1s - 1Ss = Eocosce,)A,a)rS8/jc
where R is the recorded signal and, S is the responsivity of the sensor to
perpendicular polarized flux (i.e. when the polarizer in the sensor system
is in the orientation perpendicular to the measurement plane) and,
the subscripts s and p will be used to denote perpendicular and parallel
components of polarization relative to the flux onto the sensor.
Recognizing that the perfect diffuser does not exist, we introduce the
reflectance factor for a sample or a standard into Equation 2-29 to yield
Rus = E oCOS^)
AoCOrSsPu,7





for the standard where the primes will be used to designate values
associated with the standard and the subscript u is introduced to indicate
that the incident flux is unpolarized or more correctly randomly polarized.
In a similar fashion, signals for the flux having parallel polarization







It is attractive to consider combining the sample and standard equations
by division to yield expressions of the form
Pus = P'us and p = - Pup
us RuP
(2-33)








simple multiplication would yield the polarization sensitive reflection




B h can be combined to yield the random random




The difficulty with this approach is that polarization sensitive
reflectance factors for standards are not available and even if they were,
correction for the geometry of the measurements to reproduce the
orientation of p and s relative to those reported for a standard could be
quite cumbersome. A crude approximation can be made by assuming the




=1). Regrettably, errors of several percent are typically
introduced in this fashion making it unattractive for precision
measurements. Therefore, it is necessary to derive an expression
requiring only the random
- random reflectance factor for the standard.
This random - random value is a more readily acquired and tractable value.
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To this end the sensor polarization bias (B) is used. It is defined as the
ratio of the perpendicular to parallel responsivity of the sensor i.e.,
B- Sus/Sup (2-35)
It is easily obtained by simply ratioing the signal associated with the
perpendicular and parallel orientations of the polarizer in the sensor when
the sensor is subjected to unpolarized incident flux. Table 2 contains B
values as a function of wavelength for the BRDF sensor.
Introducing this term into Equation 2-30 to eliminate the explicit
dependence on S and lumping common terms yields
R'us = gcos(9|)BSpP us (2-36)
where
g = E0A0cor/7t (2-37)
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A similar combination of Equations 2-40 and 2-43 yields
^"upP uu
PUP =








Note that this process of division removes all the unknown system
constants, including the effects of spatial variance associated with the E
o
term.
The only unknown on the right hand side of Equations 2-44 and 2-45 is the
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reflection factor for the standard
B'
. If this is known, then the desired
uu
random - random reflection factor can easily be determined by combining









Recall at this point that all the B and R terms in this expression are a
function of
wavelength.
9.,<)).,9r, and <b and that all the terms are also a function of
2.3.2 Measurement of the BRDF of the Standard at Angle
Combinations not Provided by NIST
A problem arises at this point due to the fact that the National Institute
of Standards and Technology (NIST) only provides a traceable value for
standards corresponding to
p'
(0,0,45,0). A method to derive the
reflectance factor at all other angle combinations must be defined. This
is accomplished by pre-calibrating a reflectance standard for which at
least one NIST traceable directional reflectance factor is available. The
method of calibrating the standard uses the same BRDF device described
above (section 2.3.1), but with an additional restriction. The reference
approach described above removes the spatial dependency of the sample
irradiance. In the method which follows the irradiance must be the same
at all points on the sample. To achieve this, the parabolic reflector is
removed from the source resulting in a very good approximation of a point
source with a spatial uniformity of better than 0.995 over the region of
interest.
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With the BRDF instrument in this modified form for calibration of a
standard, the collection and analysis proceeds as follows. Equation 2-38




where the functional dependence of p and R values on N indicates these are
the values for the NIST traceable angle computation and 9 is the incident
angle for the traceable value. Recognize that the values of E ,A .w^S ,
and B are for the BRDF configuration modified for calibration of the
standard. Since all values on the right hand side of Equation 2-47 are
known or measured, the left hand side can be solved for and treated as a
system constant in the following steps. For any angle for which the




Combining Equations 2-47 and 2-48 by substitution of the system
constant and rearranging yields
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(V ffl A fljH >
P'uuWCQS^) R^s/B+R-up




Since the right hand side contains only measured or NIST supplied values,
the reflectance factor for the standard can be determined at all angle
combinations of interests simply by running the BRDF instrument through
its normal angular steps and substituting the measured values into
Equation 2-49.
2.3.3 Generation of Absolute BRDF Using NIST Standard
To calibrate the absolute bidirectional reflectance factor of Spectralon,
two white porcelain tiles are used. One tile is calibrated directly by NIST
at 0/45. Another tile is calibrated by Munsell Color Science Laboratory
(MCSL) using the ColorScan/45 Spectrophotometer which is also traceable
to NIST. The calibration results are given in Table 3 and Table 4. Where
3uu'
is the reflectance factor of the tiles, and Buu is the reflectance
factor of Spectralon. The RMS error between Spectralon viewed at 0^/45u
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This calibration method is basically using a ratio technique, so some of
the errors associated with the integration method no longer exist. The
calibration uncertainty associated with this method can be derived from
Equation (2-34)
Afius+ABUD
Afi = Wl WL
where A3US and ABup are the uncertainties in the reflectance factor with
s and p polarization. In most case, 3US is approximately equal to 3up,
thus
AB_ ABul+ABup ABUS Afiup
uu
"
Bus+flup "2Bus 2Bup (25Q)







For most samples, the polarization sensitivity is relatively small, thus
R'us is very close to BR'up under unpolarized illumination. A3US can be
approximated as:
64








A similar relation exists for ABU p




Substituting Eq.(2-52) and Eq.(2-53) into Eq.(2-50) yields
ABua 1 ARUS AB'.. AR', AR'., AB
Buu
"2V
Rus B'uu 2R'US 2R'up 2B

























=Rs/Rp is the ratio of readings of the s-polarization to
p-




B R- Rp (2-55)' s
Combine Eq (2-54) and Eq (2-55) gives
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In Eq. (2-56), every term is independent (i.e. the correlations between
these terms are equal to zero), so the standard deviation is given by
Root-
Mean-Square (RMS). Also note that most errors are radiometer reading






AB'U 2 3_ AR 2
+
AB'UU
^uu -J 2R B'uu -J 2 R B'uu (2-57)
Where A3'uu/3'uu is the uncertainty of the standard (tile) which in this
case is 0.4%, AR/R is 0.2%, so the total uncertainty (one standard
deviation) of this calibration method is 0.5%.
2.4 Verification of Accuracy by Independently Determination of
the BRDF Using Two Methods
The two methods described above can generate absolute bidirectional
reflectance factors independently. A blindfold intercomparison test was
conducted to verify the accuracy
of the two methods. The comparison
results are presented in Table 5, where 3UU-| is the
45/0
reflectance
factor of a Spectralon sample calibrated using the first method, 3uu2 is
the reflectance factor calibrated against the
NIST tile, 3uu3 is the
45/0
reflectance factor calibrated against MCSL tile, Both 3uu2 and
3uu3 are calibrated using the
second method.
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The comparison result shows that the 45/0 reflectance factor
generated by the first method is about 0.5% larger than the MCSL standard,
and is 0.8% larger than the NIST standard, and the standard deviation is
about 0.25%. This result is quite good because the differences are of the
same order of the standard deviation of the comparison measurement
which is
o = Jo\ + <?2 =0.8%
Table 5 Comparison Results of BRDF Generated by the Two Methods
Wavelength (3uu1 I3uu2 Buu3 Buu1-I3uu2 6uu1-8uu3 Buu2-f3uu3
440 0.992 0.9876 0.9922 0.0044 -0.0002 -0.0046
460 0.9935 0.981 0.9842 0.0125 0.0093 -0.0032
480 0.9945 0.9843 0.9857 0.0102 0.0088 -0.0014
500 0.9955 0.9851 0.9864 0.0104 0.0091 -0.0013
520 0.9965 0.9855 0.9885 0.011 0.008 -0.003
540 0.9975 0.9905 0.993 0.007 0.0045 -0.0025
560 0.9985 0.9897 0.9927 0.0088 0.0058 -0.003
580 0.9995 0.9923 0.9925 0.0072 0.007 -0.0002
600 0.9995 0.9928 0.9967 0.0067 0.0028 -0.0039
620 0.9995 0.993 0.9958 0.0065 0.0037 -0.0028
640 1.0005 0.9942 0.995 0.0063 0.0055 -0.0008
660 1.001 0.9944 0.9958 0.0066 0.0052 -0.0014
680 1.0015 0.9946 0.9969 0.0069 0.0046 -0.0023
700 1.0015 0.9951 0.998 0.0064 0.0035 -0.0029
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Figure (16) shows the
45/0
reflectance factors as a function of
wavelength. Figure (17) shows the differences in 0/45 reflectance














Figure 16 The 0/45 Reflectance Factors as a Function of Wavelength
In figure 16, the reflectance factor curve (3UU-|) generated using the
integration method is much smoother than the curves generated using the
second method, this is because an interpolation over wavelength is used





Figure 17 The Reflectance Factor Difference Using Two Methods
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3. Bidirectional Reflectance Properties of Materials
3.1 Measurement Equation
For most materials of interest, the reflectance factors are low as
compared to standard materials like PTFE. In order for the sensor to have
enough signal-to-noise ratio, a parabolic reflector is used to focus the
radiant flux onto the sample. While this modification effectively
increases the signal level, it also introduces a nonuniform irradiance
field. The signal measured depends not only on BRDF of the material, but
also on the distribution of the irradiance field and on wavelength. The
output signal can be expressed mathematically as:
V= K0 B(ei>(pi; er,cpr) Ki(ei,<pi; er,q>r) K2(3l) (3-1)
Where: K0 is the instrument constant which is a function of the source
output and the sensor responsivity, 3 ( e j, cp j ; 9r,cpr) is the bidirectional
reflectance, K 1 (Gj.cpj; er,cpr) is the portion of source flux within the sensor
field of view, and Y\2{X) is the spectral responsivity of the sensor.
This spatial and spectral dependence can be removed if the data for other
materials are acquired in the same way as for the Spectralon, and the
BRDF of the material at a particular angle, wavelength and polarization
state is found by ratioing the signal for the sample to be measured with
that from the Spectralon and multiplying by the BRDF of the Spectralon.
That is
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85(61,91; er,(pr)=Vs/V0 30(ei,9i; er,(pr) (3- 2)
Where: 3S is the BRDF of the material to be measured, 80 is the BRDF of
the Spectralon sample, Vs and V0 are signal output from the sensor with
the material to be measured and the Spectralon sample.
Using this method, the bidirectional reflectance of materials can be
measured. The BRDF characteristics of silicon wafer, sand paper and
roofing material have been studied.
3.2 Error Analysis
The uncertainty associated with this method can be derived from Eq. (3-2)
Ps V
vs vo ^o (3_3)
Where A30/30 is the relative uncertainty of the standard (Spectralon),
AVS/VS and AV0/V0 are the relative error of the signal measurement. Due
to the fact that V0 and Vs are also a function of Ki and K2, errors in
wavelength control and angular positioning will also contribute to the
overall AV/V.
The error due to the wavelength is measured by comparing the signal
without wavelength error with the signal with a 0.2 nm wavelength offset
to the longer wavelength. The measured errors as a
function of wavelength
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Figure 18 Error Due to 0.2 nm Wavelength offset
The error is wavelength dependent due to the fact that the responsivity of
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the sensor is wavelength dependent. For both gratings, the error is larger
at short wavelengths and long wavelengths due to the rapid change in
sensor responsivity. The random fluctuations in the error curves are due
to the sensor reading error. Due to the low signal-to-noise ratio in the
infrared region, there are more fluctuations in the signal using the IR
grating. This measurement on the other hand, tested the sensor reading
error which is also a contributing factor to the overall error of the AV/V.
This result indicates that even for broad band measurements, the error
due to wavelength control may still be significant. This error is also
sample dependent.
The measurement uncertainty due to the goniometer angular positioning
error is determined using the following steps:
1. the irradiance distribution across the sample is measured and
fitted into a polynomial equation;
2. the flux <D0 collected by the radiometer is calculated for a PRD
at a particular geometry;
3. assuming there is a positioning error AG,
the flux Oi collected
by the radiometer is calculated; and




Figure 19 shows the uncertainty caused by the positioning
error of 0.20 in
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Figure 20 Error Due to 0.20 Position Error in
Illumination Angle
view angle increases. This is correct since as the view angle increases,
the collecting optics contains
the edge of the irradiance field where the
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irradiance falls off rapidly.
Figure 20 shows the uncertainty caused by positioning error of 0.20 in the
illumination angle. It is obvious that the overall uncertainty is dependent
on both wavelength and measurement geometry. To give a magnitude
estimation, suppose the wavelength is set to 500 nm, and both the
illumination and view angle are equal 45, the error due to the wavelength
is 0.002, the error due to view angle is 0.005, and the error due to the





and the uncertainty due to the calibration of the standard (Spectralon) is









So for most of the measurement conditions, the overall uncertainty is
about 1%.
3.3 Measurement Results and Discussion
3.3.1 The BRDF of Spectralon3
Since Spectralon is chosen as the standard reference material for the
measurements, the BRDF of Spectralon is of particular importance to this
study.
3 Spectralon is the trade name of PTFE prepared by Labshere, Inc.
75
Spectralon reflectance materials are machinable thermoplastics supplied
by Labsphere[27]. They are thermally stable and chemically inert-*. The
main advantage of Spectralon as the standard reference material is that it
is quite durable and can be readily cleaned. It has a high, relatively flat
spectral distribution over most of the UV-Visible-Near infrared region of




Figure 21 8o/Hemi. Spectral Reflectance Factor
The BRDF of Spectralon at 0 illumination angle at three wavelength
centers are plotted in Figure 22. These results are measured using the
method described in section 2.2.
4 PTFE is not chemically inert when it is produced, it will not be produced













Figure 22 BRDF of Spectralon, S-Polarization
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The reflectance value varies from 1.1 at near normal viewing to 0.85 at
the view angle of 75. This means that Spectralon varies from -15% to
10% from a Lambertian line (1.0) over the -75 to -5 range. The fact that
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Figure 23 Comparison between the Spectralon and Halon
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Figure 23 is a comparison between this result and Daoust's result on
pressed PTFE (Halon)[i2] at 0 illumination angle. It is apparent that the
two curves have almost the same shape, with the pressed halon being
about 0.02 reflectance unit higher than that of the Spectralon. This
difference might be caused by:
1. different surface preparation. The Halon sample used by Daoust
is a tablet pressed against a lapping film which yields the most
lambertian reflectance values. The sample was also freshly
pressed before use, so that the surface texture would not be
destroyed when rubbed. The Spectralon sample is baked to
increase the durability. Figure 24 is the experimental result by
Daoust which shows that surface preparation has a marked effect
on reflectance values.
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Figure 24 BRDF of Halon with Different Surface
Preparations(From Daoust,1987)
2. different densities. The
reflectance of halon
powder is influenced by
the density to which the
powder is pressed. Figure
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Fig. 25 Pressed PTFE Powder reflectance
as a
function of powder density (From Weidner, 1981)
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3. different calibration scale. The pressed halon is calibrated against
the NIST standard tile, while the Spectralon is calibrated by its
directional reflectance factor. Although they are all traceable to NIST,
transfer error could exist. According to the comparison in section 2.4,









y = 1.1148 -4.6232e-3x+ 8.331 7e-5xA2










Figure 26. Third order polynomial fit of the BRDF
The BRDF versus view angle G at 0 illumination angle can be approximated
by a third order polynomial (figure 26). By inserting y in figure 26 into Eq.
2-8, the Qo/hemispherical reflectance factor can be calculated by
Pd(0/h)
= f3(0,G)cosGdco/7i=0.979 (3-5)
This value is the same as the 8/hemispherical reflectance factor
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(pd(8/h)=0.980) which is supplied by the Spectralon manufacturer, and this
results tend to reaffirm the overall geometric fidelity of the method.
(The fact that the Oo/Hemispherical reflectance factor equals the
8o/Hemispherical reflectance factor is very important to Jackson's
calibration method.)
Figures 27,28,29 and 30 show the in-plane BRDF of Spectralon at 15, 30,
450 and 60 illumination angles. The minus sign in the view angle
indicates that the reflection is in the back-scattering direction. As the
angle of illumination gets larger, there is not much change in the
reflectance values in the backscattered direction, but there is a
significant increase in the forward-scattered direction, and again the BRDF
of Spectralon is independent of wavelength, which support Daoust's
conclusion that halon is spectrally neutral.
All the results shown above are for S polarization, The BRDF of Spectralon
for P polarization at different illumination angles is plotted in figure
31(a). These curves have the same shape as that of the S polarization, but
the reflectance values in the forward scattered direction are much smaller
than that of the S polarization, and the reflectance values at the
backscattered direction are larger than that of the s polarization (c.f.
Figure 31(b) and Appendix II). That is, the BRDF for p polarization is more
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Fig. 29 BRDF of Spectralon, S-Polarization
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Fig. 30 BRDF of Spectralon, S-Polarization
Illumination angle=60 Deg.
-100 -80 -60 -40 -20
20 40 60 80 100
View Ang.
83
-100 -75 -50 -25 0 25 50 75 100
Back VIEW ANG Forward
Figure 31(a) BRDF of Spectralon at 1000 nm (P-polarization)
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Figure 31(b) BRDF of Spectralon at the
Illumination Angle of 45
Figure 32 shows 3-D plots of the BRDF of
Spectralon at illumination angles
of 150 and
450 for random polarization. The 3-D BRDF plots at 1000 nm at
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3.3.2 The BRDF of a Silicon Wafer
The silicon wafer that was measured is a single crystal material which is
commonly used for semiconductor device fabrication. The surface is
unpolished and had a dull shine. The microscopic photo reveals that the
surface actually consists of small elements of cleaved surface (see figure
33). The orientation of the cleaved elements is different from the sample
normal which yields different reflective properties as compared to a flat
surface. This fact is important to explain many experimental results
below.
Figure 33 The Microscopic Photo of the Silicon Wafer (150x)
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A. The Spectral BRDF of a Silicon Wafer
The spectral BRDF characteristics of a silicon wafer were measured using
the following geometries:
(1). different illumination angles and normal viewing (figure 34);
(2). 450 illumination angle and different viewing angles(figure 35);
(3). 450/00 geometry, different sample orientations of the wafer(figure
36).
All these curves have a steep rise at 1100 nm which is the cutoff
wavelengths of the silicon detector. This phenomenon is probably because
photons at wavelengths below 1100 nm have enough energy to eject the
electrons from the valence band to the conducting band. Thus most of the
incident photons are absorbed, while photons at the wavelengths beyond
1100 nm do not have enough energy to eject electrons into the conduction
band, so most of these photons are reflected.
As the illumination angle became smaller, the reflectance factor
increases (see figure 34), because the sensor is closer to the specular
component of the reflected radiation.
The spectral BRDF at different viewing angles is rather complicated. At
short wavelengths (X< 1100 nm), the
45Q/0Q reflectance factor increases
as wavelength increases, but the
450/200 reflectance factor decreases as
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Figure 34 Spectral BRDF of Silicon Wafer at Different Illumination Angles
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Figure 36 Spectral BRDF of Silicon Wafer, S-Polar
Different Wafer Orientation
400 800 Wavelength 200 1600
2000 2400
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wavelength increases, and there is not much difference at longer
wavelengths ( X> 1100 nm ). It seems that the cleaved elements cause
some types of interference at short wavelength at 450/200 geometry
which cause the reflectance factor to rise.
45/20
Figure 37 Measurement Geometry
figure 36 shows that at different sample orientations, the wafer exhibits
different BRDF values. This difference is caused by the cleaved elements,
as shown in figure 38. A change in sample orientation is equivalent to a
change in the illumination angle, thus causing the change in BRDF values.
90 160
Figure 38. Measurement geometry for different sample orientations
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B. BRDF of Silicon Wafer as a Function of View Angle
Figures 39,40,41 and 42 are the in-plane BRDF of the silicon wafer as a
function of view angle at the illumination angles of 0, 300, 450 and 60.
The measurement was taken at five wavelength centers ( 500 nm, 750 nm,
1000 nm, 1100 nm, and 1500 nm), and the results are plotted on the same
axis for comparison.
The silicon wafer measured is quite specular, the ratios of the highest
reflectance values to the lowest range from 10 to 10000. From these
plots, it is easy to see that for all the illumination angles measured, the
BRDF of the wavelengths below the cutoff wavelength are distinctively
different from the BRDF of the wavelengths above the cutoff wavelength.
Also at the long wavelength, the silicon wafer become translucent, thus
make the BRDF more complicated. In order to determine the exact
wavelength where this transition takes place, two more measurements
were added at the wavelength of 1020 nm and 1050 nm. The BRDF at 0
illumination angle is plotted in figure 43. It is interesting to find that the
BRDF at 1020 nm is similar to the BRDF at 1000 nm, and that the BRDF at
1050 nm is similar to the BRDF of 1500 nm. This means that the
transition takes place gradually at the wavelength between 1000 nm and
1100 nm.
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Figure 39 BRDF of Silicon Wafer, Illumination Angle=0
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Figure 43 BRDF of Silicon Wafer at the Wavelengths of
1020nm and 1050 nm, Illumination angle=0o
The BRDF transition at the cutoff wavelength is also shown in the 3-D
plots (figure 44, top: wavelength=1000 nm, middle: wavelength=1 100 nm,
and bottom: wavelength=1500 nm).
The fact that BRDF changes with wavelength indicates that the laser lines
based method will fail to predict the spectral BRDF for this type of
material, since the wavelength interpolation will not give correct results.
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3.4.3 The BRDF of Sandpaper
The sandpapers measured were SiC water proof types made by
Carborundum Abrasives Company. Three different grits were chosen: very
fine (220 grit), extra fine (320 grit) and super fine (400 grit). Figure 45
contains the microscopic photos of the three sandpapers.
Figure 45 The Microscopic Photos of Sandpapers (75x)
(a) 400 grit, (b) 320 grit and (c) 220 grit
The BRDF as a function of view angle at different illumination angles were
plotted in figures 46, 47, 48 and 49. It is noticeable that the coarser the
sandpaper is, the more the BRDF departs from Lambertian, and that
different grits have different BRDF behaviors.
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From the microscopic photos (fig. 45), most of the sand particles are
sphere-like, so a sphere particle model was used to estimate the BRDF of
the sandpaper. The case of 0 illumination angle is shown in figure 50.
The incident radiant flux is reflected by both the sand particles and the
binding layer of the sandpaper. The binding layer is relatively flat, so its

































































































































Figure 50. The cross section of the sandpaper
The radiant flux as it falls on the sand particles is reflected according to
the Snell's law. According to Eq. (1-9) the radiant intensity in the 2G
direction is given by
(2G) = l0cos(G) (3-6)
Where l0 is the reflected intensity at the normal direction, G is the angle
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between the incidence and the normal. For a Lambertian surface, the
reflected radiant intensity obeys Lambert's cosine law, that is
l2(2G) = l0cos(2G) (3-7)
Combining (3-6) and (3-7) yields
6(2G) = h(2G)/l2(2G) = 30 cos(G)/cos(2G) (3-8)
Where 60 is the BRDF in the normal direction. The BRDF of the sphere
particle as a function of view angle is plotted in figure 47. The BRDF
increases as the view angle increases.
-100
BRDF of Sphere Particle
View Angle
Figure 51 BRDF of Sphere Particles
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Comparing figure 51 with figure 46, it is easy to see that it is the sand
particle that causes the BRDF to increase at large view angles, and the
binding layer contributes the specular reflection. The coarser the
sandpaper, the more area of the binding layer, and the more specular
reflection measured. This theory can explain the phenomoalogical behavior
of the BRDF of sandpaper.
Figure 52 shows the 3-D plots of the BRDF of the sandpaper at 15 and 45
illumination angles.
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3.3.4 The BRDF of Roofing Material
The roofing material that was measured is composed of tar-based gravel.
The in-plane BRDF at various illumination angles for three wavelength
centers are plotted in figures 53,54,55 and 56. Like the sandpaper, the
BRDF of roofing material increases as the viewing angle increases, and
both forward scattering and backscattering can be observed in the plots.
Figure 57 shows the 3-D plots of the BRDF of the roofing material at
15
and 450 illumination angles.
The in-plane BRDF of a piece of wood is in appendix III which reveals that
BRDF is a function of wavelength.
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Figure 53 BRDF of Roofing Material, Ilium ang=0, S-Polar
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4 Conclusions and Recommendations
4.1 Conclusions
This study set out to generate an absolute bidirectional reflectance factor
for BRDF studies. A instrument has been developed to measure the BRDF
of materials from 400 nm to 2500 nm with a spectral resolution of 10 nm.
The instrument can simulate any source-target-sensor geometry. Two
calibration methods were implemented which can independently generate
absolute BRDF values, and the comparison results show that the two
methods agree within 0.8%.
A PTFE (Spectralon) sample were characterized as a transfer standard for
BRDF studies. The PTFE is not a perfect reflecting diffuser. If the sensor
is looking straight down, a lambertian assumption will result in a error of
10% at the normal illumination and about -15% at the illumination angle of
750.
The BRDF of some natural and man made objects reveals that BRDF is not
only a function of sensor-target-geometry but also a complex function of
wavelength. The laser line based instrument may fail to predict the
spectral BRDF by using the interpolation method.
The grating based spectrometer exhibits a strong
polarization effect, and
normal samples are also polarization sensitive, so care should be taken to
correct the polarization effect. Also the polarization sensitivity of the
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materials gives additional information about the material properties,
which is useful in material identification and scene classification.
4.2 Recommendation
4.2.1 Instrumentation
1. Replace the parabolic reflector with a smaller one (e.g.
3"
diameter).
The solid angle of the illumination beam can be reduced, thus the
instrument can be more applicable to some specular samples.
2. Use an integration sphere instead of the polarizer to correct the
polarization effect of the sensor. This adjustment has two advantages: (1)
it will reduce the time needed for collecting the data by a factor of two,
and (2) it will improve the overall signal-to-noise ratio. The polarization
sensitivity of the sensor changes greatly with wavelength. At short
wavelengths, the p polarization has very low sensitivity, while at long
wavelengths, the s polarization has very low sensitivity. This unbalanced
sensitivity deteriorates the overall signal-to-noise ratio.
3. Add a scale or a vernier on the sample tilt axis so that the tilt angle can
be checked any time.
4.2.2 Calibration
In this study, 80/hemispherical reflectance factor is used for the
calibration of BRDF, which requires numerical integration over the entire
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hemisphere. From the results on the Spectralon ( section 4.3.1), the
Oo/hemispherical reflectance factor is equal to the 8o/hemispherical
reflectance factor. Thus the Oo/hemispherical reflectance factor can be
used to transfer the absolute scale of the BRDF, which, because of the
symmetry in geometry, only require a line of data to perform numerical
integration reducing the time needed for calibration.
4.3 Further Studies
Further efforts should include: (1) development of a data base of BRDF
values; (2) comparison with other laboratories to maintain absolute
calibration and; (3) development of methods for defining descriptors of the
BRDF data for samples and standards based on either theoretical
principles, if possible, or empirical methods if necessary.
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Appendix I Turbo Pascal Program for BRDF
Measurement and Calibration
1. BRDF Measurement Main Program I- 2
2. Wavelength Control and Signal Readout 1-16
3. Goniometer Control Unit I -20
4. Calibration of Spectralon I -24
5. Data Transformation Program I -26
6. A/D Converter Interface Unit I -28
7. Calibration of BRDF Using the NIST Standard Tile 1-3 1
8. Calculate Puu by Pus and Pup 1-33
1. BRDF Measurement Main Program
















Add AD converter routine













type arr2 array [0. .200] of real;
var vlstart, wlend,v/l in."CGy2T/










thetal , theta2 , fai : real;
reading


















procedure motordrive( thetal, theta2, fai: real);
{This procedure is to control the goniometer move to
thetal, theta2, and fai
degrees relatve to the sample normal.}
begin
thetal :=thetal-thetalO;




motor ( thetal , theta2 , fai ) ;
thetalO :=thetal+thetalO;










gotoxy( 15, 5 ) ;






















(' checklnstrument -> 6')
writeln;
writeln





































port [532]: =147 ;
{port a, b, c-lower as input ,port c high as output}
writeln(
'





























readln ( thetal , ch , theta2 , ch , fai ) ;
motor ( thetal , theta2 , fai ) ;
1-4
VVi _1_ UC -Lii /
writeln
('







































readln (wlstart ,wlend ,wlint ) ;












(' Calibration > 1');
writeln;
v/riteln(' Measurement --> 2');
writeln;
v/riteln(' Exit to Main Manual --> 0');
writeln;























writeln ( 'input filename ');











scan (wlstart,wlend,wlint, select, reading) ;
a n .
jl . \J f


























{This is the procedure to measure the ERDF at fixed
illumination angles,
in the calibration stage, the Spectralon sample is placed on
the sample stage
1-6
, a complete measurement is required to have the correct
calibration. Then put
the sample on the stage, measure the BRDF using the ratio
method .
In doing the measurement, two data set is required to give
the reflectance
values of the spectralon sample. The name of the data file
are: spOpls.ref




















afile, bfile . l~CSt I* i
{ ***************************************************!
Procedure GonioScanO ( gama, alfaO: real ) ;
var
thetal, theta2,thel,the2, fa : real;






Procedure angle (gama, alfa: real;var fai,theta: real);
{ This program is to calculate the angle of fai and theta at
fixed illuminate
angle, where gama is the illumination angle, alfa is the
angle azmuthal
angle relative to the plane of illumination and sample
normal, fai is the
calculated angle for sample tilt to keep the illumination
angle fixed, and












theta :=arctan( sin(alfa) /cos(alfa) *sin( fai) /cos(gama) ) ;
fai:=fai*180/pi;





while alfa <=alfa0 do
begin
if gama = 0 then alfa: =90;












if (tl<=134) and (tl>=5) then
begin
motordrive ( t 1 , t2 , f 1 ) ;
delay (800);




writeln ( 'The angle is different in two








writeln ( afile , t2 : 8 : 2 , R : 10 ) ;











scan(wlstart,wlstart,20, 1, reading) ;
1-8
readln ( bfile, t3,Ro);
if abs(t3+t2)>0.5 then
begin
, ._ v/riteln( 'The angle is different in two
files, Input Y to continue');
writeln(t2:5,t3:5);
readln(c);
if co'Y' then exit;
end;
Rereading [0] /Ro;
writeln ( afile, -t2 : 8 : 2 , R : 10 ) ;





















rewrite ( afile ) ;
reset(bfile) ;
gama : =gamamin;





















rev/rite ( afile ) ;
gama:=gamamin;














































rewrite ( afile ) ;
gama : =gamamin ;
while gama<= gamamax do
begin
GonioscanO ( gama , al faO ) ;













readln ( filename) ;
writeln('
Input polarization Status: S or P');
readln (ch) ;
writeln ( 'input illumination angle: Min_Max');


























>% A ' \ .
Goniometric Measurement');
Gonio Scan 1 (In plane calibration)
Gonio Scan 2 (In plane measurement)
Gonio Scan 3 (Hemisphere calibration)
Gonic Scan 4 (Hemisphere measurement)




















































readln ( filename) ;
writeln
('
Input polarization Status: S or P');
readln (ch);


















monitor (current,volt, eg) ;

















motordrive(tl, t2, f1) ;




, current: 8: 1,
'volt=',volt: 8:1) ;




scan (wlstart,wlend,wlint,0, reading) ;
count :=(wlend-wlstart) div wlint;
for i:=0 to count do
writeln (af ile,wlstart+i*wlint,
reading [i] :10) ;
tl:=15;
v;hile (tl<=thel) and (tl<=75+t2) do
begin
monitor ( current,volt, eg) ;
v;riteln(afile,
'
current= ', current: 8: 1,
'
volt=',volt: 8:1);





scan (wlstart ,wlend ,wlint , 0 , reading ) ;
count :=(wlend-wlstart) div wlint;
for i:=0 to count do
writeln(afile,wlstart+i*wlint,





while tl >= 15 do
begin






monitor ( current ,volt , eg ) ;
motordrive ( 8 , 0 , 0 ) ;
writeln(afile,
'





, current: 8: 1,
'volt=',volt: 8:1);
writeln;
scan (wlstart ,wlend ,wlint , 0 , reading ) ;
count :=(wlend-wlstart) div wlint;
for i:=0 to count do
writeln ( afile,wlstart+i*wlint,

















i,j, count, dt : integer;
reading :arr2;










Do you want to stop? [no]');


















readln ( count , dt ) ;
for i:=0 to count do
begin
monitor ( current ,voltage , eg ) ;
scan( 400, 700, 100,0, reading) ;
write (afile,i:3);
for i:=0 to 3 do
write ( reading [ i ] : 10 ) ;
writeln (afile,
'
', current: 7: 1,
'
', voltage: 7: 1) ;


























input thetal theta2 ');
readln (thetal, theta2) ;
v.*rite( afile, thetal: 6: l,theta2:5: 1, fai: 5: 1) ;
thetal :=thetal+theta2 ;
motordr ive ( thetal , theta2 , 0 ) ;
scan ( 500, 500, 20, 1, reading ) ;
writeln ( afile, reading [0] :12) ;












2. Wavelength Control and Signal Readout
unit optronic;




type arr2 = array[0..40] of real;
Procedure scan(wlstart,wlend,wlint: integer; var reading:
arr2 ) ;
Procedure readsignal(var signal: real;var power: integer) ;
Procedure getwavelength(wl : integer) ;
implementation
const P1C=529; P1E=530; P1A=531;
P2C=533; P2B=534; P2A=535;
HIMASK=240; L0MASK=15;
var portla, portlb, portlc : integer;
portlahi, portlalo : integer;
portlbhi, pcrtlblo : integer;
portlclo, filtposi : integer;
count, i,j, power : integer;
filt : array[0..9] of real;




procedure filter (wlstart:real; var filtposi: integer); {
Initialize the filter cutoff wavelength }

















count : =count+ 1 ;
until ((wlstart > filt [ count ] ) and (wlstart <
filt[count+l] ) );
filtposi :=count;






end; { do loop. Set the filtposition}
end; { filter}
/*************************************************!
Procedure getwavelength (wl : integer ) ;
var currentwavelength : real;
Function wavelength: real;





portlahi:=portla and HIMASK div 16; portlalo:=portla and
LOMASK ;


















port[PlC]:=112; port [PIC] :=0; {Fast/Neutral}
if wavelength > wl then
portfPIC] :=192 {reverse}








if (( currentwavelength < 3 00) or (currentwavelength >
2500)) then
begin
writeln ( 'wavelengthccntrol failor, Please dial the
wavelength within 300-2500nm and try again.');
halt;
end;
until ( (currentwavelength > wl-0.2) and
( currentwavelength < wl+0 . 2 ) ) ;





procedure ReadSignal(var signal: real; var power : integer ) ;
var dataready : integer;
port2ahi, port2alo : integer;
port2bhi, port2blo : integer;
port2a, port2b, port2c : integer;
index ,i : byte;
















= (port2a and HliMASK) div 16;
port2alo:
= (port2a and LOiMASK);
port2bhi:=(port2b and HIMASK) div 16;
port2blo:
= (port2b and LOrdASK);




error :=abs((sig[i] -sig[i-l])/(sig[i] +0.0001) );
until (error < 0.02) or (i >10);










{ This procedure control the spectroradiometer to scan the
wavelength given
by the main program at wavelength interval=wlint. }
begin {procedure scan}
filter (wlstart, filtposi) ;
count:=(wlend-wlstart) div wlint;




readsignal( signal, power) ;
adcsignal ( adsignal ) ;








3. Goniometer Control Unit
unit Gonio;
{ This unit is to contraol the operation of the goniometer.
- Initial implementation 11/05/89





procedure motor ( thetal , theta2 , fai : real ) ;
procedure motora ( theta : real ; direc : integer ) ;
procedure motorb ( theta : real ; direc : integer ) ;
procedure motorc ( theta : real ; direc : integer ) ;
procedure motorab( theta: real; direc: integer);
implementation
const
pc=744; pa=736; co=748; pb=740; {Assign addresses}
mss=4;
var
modeab, mcdec, enable : integer;
i,j ,k, choice, direc : integer;
thetal, theta2, fai : real;
/ ************************************************}
procedure motora (theta: real; direc: integer) ;
var




































procedure motorb( theta: real; direc : integer ) ;
var








































7 * * ************************************************}












































port[co] :=192; { configure ports of pc board}
port[pc]:=5; { select stepper board}
pcrt[pb]:=0; { full step, enable all motors }
if thetal <>0 then
begin
if theta2 = thetal then
begin












if thetal <> 0 then
begin






motora ( thetal , direc ) ;
end;
if theta2 <> 0 then
begin
if theta2 < 0 then
begin
direc :=0;
theta2 : = -theta2 ;
end
else direc:=l;
motorb ( theta2 ,direc ) ;
end;
if fai <> 0 then
begin






motorc ( fai , direc ) ;
end;
end; { end procedure motor }
r **************************************************i
end. {unit gonio }
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4. Calibration Using the Integration Method
program call;
{ This program is to calculate the absolute reflectance of
Spectralon under fixed illuminating angle.
Input: reflectance value at 8/38 geometry
output: BRDF of Spectralon at a fixed illumination angle.}
var
gama, thetal , theta2 , thel , the2 , fa
alfa, fai,dthe,tl ,fl
t2
/i,j, ang , count
afile, bfile, cfile












Procedure angle(gama,alfa:real;var fai, theta: real);










theta :=arc tan ( sin ( al fa ) / cos ( al fa )
*


















writeln( 'input 8/45 reflectance');
readln (signal );




for j:=l to count do
begin
for i:=l to 3 do
begin
1-24
readln (afile , headline ) ;
writeln ( headline ) ;
end;
readln;









while alfa <=90 do
begin
if gama=0 then alfa: =90;










if (tl<=135) and (tl>=5) then
begin
readln(afile, ang, signall) ;
signal :=signall*signal2;
writeln ( cfile, ang : 5 , signal : 8 : 4 ) ;
writeln (ang: 5 , signall: 10, signal2: 10, signal: 8: 4) ;
end;
Li- Z \aata ' 3 /
end;
t2:=t2-5;
vjhile (t2 >=dthe+5) do
begin
readln( afile, ang, signall) ;
signal :=signall*signal2;
writeln ( c file , ang : 5 , signal : 8 : 4 ) ;












program datatransform( input,output, afile, bfile) ;
{ this program is to transform the irregular polar
coordinate data to the regular cartetian coordinate so that
3-D plot would be possible.
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i,j,k, count : integer;




r : array[-40. .40,-40. .40]
of real;
afile, bfile : text;
filename : string;





filename of the reflectance');










for i:=0 to 6 do
readln (afile , alfa, thetal ) ;






v/hile not eoln( afile) do
begin
readln(afile, the2, signall);






writeln(bfile,y:6,x: 6, signall: 10:4);
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for x:=-9 to 9 do





10:6, y*10: 6,0.0) ;
end;
v,Triteln('










6. A/D Converter Interface Unit
Unit add;
/ ************************************************
This unit is to read signals from RTI-800 12 bits
A/D converter. There are two procedures. One is for
monitoring the current, voltage of, the power supply.
Another is to measure the signal of Optronics.







procedure adc(lchan,pchan, gain: integer; var aver: real);
procedure monitor ( var current, voltage, output: real);
procedure adcsignal(var signal: real);
r ********************************************* \
Implementation
const board=l; range=10 ;
mult=200; count=5;
var lchan,pchan,gain : integer;
erstat ,max,min : integer;
r ********************************************** \
Procedure adc( lchan,pchan,gain: integer; var aver: real);
type





for i:=l to count do
begin
initialize( erstat) ;
if erstat <> 0 then
begin





ain800(lchan, board, pchan, gain, erstat);









dest[i]:=ain ( Ichan, erstat) ;








check ( Ichan , erstat ) ;











for i:=l to count do
begin
aver:= aver+dest [i] ;
if dest[i] > max then
max:=dest[i] ;
if dest[i] < min then
min:=dest [i] ;
end;
aver:=(aver-max-min) / (count- 2 ) ;
end; {procedure adc}
r ***********************************************\
procedure monitor(var current, voltage, output: real);
var Ichan, pchan, gain : integer;
begin
Ichan: =0; pchan :=0;
gain:=10;
adc ( Ichan , pchan , gain , current ) ;
writeln( 'The current is ',
current,'
A');
Ichan : =2 ; pchan : =2 ;
adc ( Ichan , pchan , gain , output ) ;
_l. *w j. j. cin ~j f
pchan:=3;
gain:=l;
adc (Ichan, pchan, gain,voltage) ;
v\rriteln(
'
The voltage is ',
voltage,'
V);









adc (Ichan, pchan, gain, signal);





1 . Calibration cf BRDF Using NIST Standard Tile
program comparison;
{ This program is to calculate the reflectance cf Spectralon
using the NBS calibrated tile. The polariziticn bias and


































rewrite (gf ile) ;











writeln (gfile, '-- ____.^ .__
-');
for i:=l to 14 do
begin
readln (afile,wl, Rus);




readln ( hfile ,wl 1 ,Rsps ,Rspp ) ;
readln (hfile) ;




Bru : = ( Brus+Brup ) / 2 ;
Er:=Rs-Bru;









Rs : 7 : 4 ,Er : 7 : 4 ) ;













8. Calculate R^ by R,us and ru
Program add;
{ This program is to add the two polarization and calculate
the BRDF for unpolarized radiation.}






writeln( 'input filename, without extension and s&p');
readln( filename) ;
assign (afile, filename+ 's.ref
'
) ;







while not eof( afile) do
begin






readln (bfile, ang2,sig2) ;
if (abs(angl-ang2) > 2) then
begin












Appendix II BRDF of Spectralon Sample
1. Table 11-1 BRDF of Spectralon Sample at 0 Degree of Illumination
2. Table II-2 BRDF of Spectralon Sample at 15 Degrees of Illumination
3. Table II-3 BRDF of Spectralon Sample at 30 Degrees of Illumination
4. Table II-4 BRDF of Spectralon Sample at 45 Degrees of Illumination
5. Table II-5 BRDF of Spectralon Sample at 60 Degrees of Illumination
6. 3-D Plots of BRDF of Spectralon at 0 Degree of Illumination
7. 3-D Plots of BRDF of Spectralon at 15 Degrees of Illumination
8. 3-D Plots of BRDF of Spectralon at 30 Degrees of Illumination
9. 3-D Plots of BRDF of Spectralon at 45 Degrees of Illumination
10. 3-D Plots of BRDF of Spectralon at 60 Degrees of Illumination
Table 11-1 BRDF of Spectralon at Normal Incidence
View Angle Rs Rp Ru
-75.000 0.852 0.886 0.869
-70.000 0.891 0.911 0.901
-65.000 0.921 0.936 0.928
-60.000 0.945 0.951 0.948
-55.000 0.964 0.965 0.964
-50.000 0.980 0.975 0.978
-45.000 0.994 0.986 0.990
-40.000 1.006 0.996 1.001
-35.000 1.016 1.006 1.011
-30.000 1.027 1.013 1.020
-25.000 1.039 1.024 1.031
-20.000 1.051 1.037 1.044
-15.000 1.066 1.053 1.059
-10.000 1.084 1.078 1.081
-5.000 1.106 1.114 1.110
5.000 1.104 1.115 1.109
10.000 1.083 1.089 1.086
15.000 1.065 1.063 1.064
20.000 1.051 1.045 1.048
25.000 1.038 1.031 1.034
30.000 1.027 1.018 1.022
35.000 1.016 1.009 1.013
40.000 1.005 0.997 1.001
45.000 0.994 0.989 0.992
50.000 0.980 0.980 0.980
55.000 0.964 0.968 0.966
60.000 0.945 0.956 0.950
65.000 0.921 0.941 0.931
70.000 0.891 0.917 0.904
75.000 0.851 0.883 0.867
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Table 11-2 BRDF of Spectralon at 15 Degrees of Incidence
View Angle Rs Rp Ru
-70.000 0.854 0.898 0.876
-65.000 0.886 0.921 0.903
-60.000 0.912 0.939 0.925
-55.000 0.932 0.954 0.943
-50.000 0.951 0.968 0.959
-45.000 0.966 0.979 0.973
-40.000 0.982 0.990 0.986
-35.000 0.997 1.004 1.000
-30.000 1.013 1.018 1.016
-25.000 1.031 1.032 1.032
-20.000 1.055 1.071 1.063
10.000 1.072 1.086 1.079
-5.000 1.066 1.051 1.058
0.000 1.065 1.050 1.058
5.000 1.068 1.048 1.058
10.000 1.075 1.051 1.063
15.000 1.078 1.052 1.065
20.000 1.077 1.040 1.058
25.000 1.071 1.038 1.055
30.000 1.063 1.030 1.046
35.000 1.054 1.017 1.035
1.02640.000 1.043 1.008
45.000 1.034 1.002 1.018
50.000 1.022 0.998 1.010
55.000 1.010 0.987 0.999
60.000 0.995 0.979 0.987
65.000 0.975 0.970 0.972
70.000 0.950 0.954 0.952
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Table 11-3 BRDF of Spectralon at 30 Degrees of Incidence
View Angle Rs Rp Ru
-70.000 0.827 0.889 0.858
-65.000 0.859 0.907 0.883
-60.000 0.884 0.929 0.906
-55.000 0.908 0.943 0.925
-50.000 0.929 0.960 0.945
-45.000 0.950 0.976 0.963
-40.000 0.973 0.999 0.986
-35.000 0.999 1.027 1.013
-25.000 1.022 1.027 1.024
-20.000 1.018 1.029 1.023
15.000 1.017 1.01 1 1.014
-10.000 1.019 1.005 1.012
-5.000 1.023 1.002 1.012
0.000 1.029 1.001 1.015
5.000 1.036 1.001 1.019
10.000 1.047 1.009 1.028
15.000 1.061 1.012 1.037
20.000 1.079 1.018 1.049
25.000 1.098 1.027 1.063
30.000 1.116 1.031 1.074
35.000 1.123 1.034 1.079
40.000 1.122 1.030 1.076
45.000 1.117 1.022 1.069
50.000 1.109 1.023 1.066
55.000 1.102 1.022 1.062
60.000 1.092 1.032 1.062
65.000 1.078 1.015 1.046
70.000 1.061 1.000 1.030
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Table 11-4 BRDF of Spectralon at 45 Degrees of Incidence
View Angle Rs Rp Ru
-70.000 0.809 0.883 0.846
-65.000 0.842 0.899 0.870
-60.000 0.871 0.918 0.894
-55.000 0.899 0.944 0.922
-50.000 0.931 0.977 0.954
-40.000 0.966 1.022 0.994
-35.000 0.967 0.986 0.976
-30.000 0.969 0.972 0.970
-25.000 0.971 0.966 0.969
-20.000 0.977 0.960 0.968
15.000 0.982 0.963 0.972
10.000 0.990 0.963 0.976
-5.000 0.998 0.962 0.980
0.000 1.006 0.966 0.986
5.000 1.016 0.964 0.990
10.000 1.028 0.969 0.998
15.000 1.042 0.976 1.009
20.000 1.060 0.986 1.023
25.000 1.085 0.996 1.040
30.000 1.120 1.006 1.063
35.000 1.168 1.020 1.094
40.000 1.230 1.040 1.135
45.000 1.290 1.062 1.176
50.000 1.337 1.058 1.198
55.000 1.358 1.058 1.208
60.000 1.367 1.062 1.215
65.000 1.369 1.067 1.218
70.000 1.369 1.082 1.226
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Table 11-5 BRDF of Spectralon at the Incidence Angle of 60 Deg.
View Angle Rs Rp Ru
-70.000 0.799 0.831 0.815
-65.000 0.840 0.910 0.875
-55.000 0.884 0.920 0.902
-50.000 0.885 0.918 0.902
-45.000 0.891 0.942 0.917
-40.000 0.896 0.936 0.916
-35.000 0.902 0.934 0.918
-30.000 0.910 0.933 0.921
-25.000 0.918 0.934 0.926
-20.000 0.927 0.933 0.930
-15.000 0.936 0.934 0.935
10.000 0.946 0.936 0.941
-5.000 0.954 0.937 0.946
0.000 0.966 0.941 0.953
5.000 0.977 0.918 0.947
10.000 0.990 0.958 0.974
15.000 1.006 0.967 0.987
20.000 1.029 0.985 1.007
25.000 1.058 1.005 1.032
30.000 1.096 1.044 1.070
35.000 1.148 1.046 1.097
40.000 1.229 1.056 1.142
45.000 1.348 1.073 1.21 1
50.000 1.535 1.098 1.317
55.000 1.815 1.137 1.476
60.000 2.192 1.204 1.698
65.000 2.516 1.349 1.932
70.000 2.691 1.481 2.086
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Appendix III BRDF of a Piece of Wood
































BRDF of Wood, Ilium Ang=60 degrees
100
-a 1000 nm
- 500 nm
-100 100
View Angle
